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Preface
Every student will be affected by pregnancy, 

either their mother’s, because what happens 
in the womb does not necessarily stay in the 
womb, or by someone else’s. As health care pro- 
fessionals, you will often encounter women of 
childbearing age who may be pregnant, or you 
may have children o f your own, or maybe it is a 
friend who is pregnant. In any case, pregnancy 
and childbirth are relevant to all of us, and un- 
fortunately, these processes often culminate in 
negative outcomes. For example, 50% of all em- 
bryos are spontaneously aborted. Furthermore, 
prematurity and birth defects are the leading 
causes o f infant mortality and major contribu- 
tors to disabilities. Fortunately, new strategies 
can improve pregnancy outcomes, and health 
care professionals have a major role to play in 
implementing these initiatives. However, a basic 
knowledge o f embryology is essential to the suc- 
cess o f these strategies, and with this knowledge, 
every health care professional can play a role in 
providing healthier babies.

To accomplish its goal o f providing a basic 
understanding of embryology and its clinical 
relevance, Langm ans M edical Em bryology  re- 
tains its unique approach of combining an econ- 
omy of text with excellent diagrams and clinical 
images. It stresses the clinical importance of the 
subject by providing numerous clinical examples 
that result from abnormal embryological events. 
The following pedagogic features and updates in 
the 13th edition help facilítate student learning.

Organization o f Material: Langm ans M edical 
Em bryology is organized into two parts. The first 
provides an overview of early development from 
gametogenesis through the embryonic period. 
Also included in this section are chapters on pla- 
cental and fetal development as well as prenatal 
diagnosis and birth defects. The second part of 
the text provides a description o f the fundamen­
tal processes of embryogenesis for each organ 
system.

Clinical Correlates: In addition to describing 
normal events, each chapter contains clinical 
correlates that appear in highlighted boxes. This 
material is designed to demónstrate the clinical 
relevance o f embryology and the importance of 
understanding key developmental events as a 
first step to improving birth outcomes and hav- 
ing healthier babies. Clinical pictures and case

descriptions are used to provide this Informa­
tion, and this material has been increased and 
updated in this edition.

Genetics: Because of the increasingly impor- 
tant role o f genetics and molecular biology in 
embryology and the study of birth defects, basic 
genetic and molecular principies are discussed. 
The first chapter provides an introduction to mo­
lecular processes, defines terms commonly used 
in genetics and molecular biology, and describes 
key pathways used in embryonic development. 
Then, throughout the text, major signaling path­
ways and genes that regúlate embryological de­
velopment are identified and discussed.

Extensiva Art Program: Nearly 100 new il- 
lustrations have been added to enhance under­
standing of the text, including four-color line 
drawings, scanning electrón micrographs, and 
clinical pictures. Additional color pictures of 
clinical cases have been added to enhance the 
clinical correlate sections.

Summary: At the end of each chapter is a 
summary that serves as a concise review of the 
key points described in detail throughout the 
chapter. Key terms are highlighted and defined 
in these summaries.

Problems to Solve: Problems related to the 
key elements of each chapter are provided to as- 
sist the students in assessing their understanding 
o f the material. Detailed answers are provided in 
an appendix at the back of the book.

Glossary: A glossary of key terms is located 
in the back of the book and has been expanded 
extensively.

thePoint Web site: This site for students and 
instructors provides the full text of the book 
and its figures online—an Interactive question 
bank of USMLE board-type questions. Teaching 
aids for instructors will also be provided in the 
form of an image bank and a series of lectures 
on the major topics in embryology presented in 
PowerPoint with accompanying notes.

I hope you find this edition of Langmans M ed­
ical Embryology to be an excellent resource for 
learning embryology and its clinical significance. 
Together, the textbook and online site, thePoint, 
are designed to provide a user-friendly and inno- 
vative approach to understanding the subject.

T.W. Sadler  
Twin Bridges, M T
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rPlacode: A local thickening in the embryonic ectoderm layer that develops into a sensory 
organ or ganglion. 1

ODE T O A  PLACODE

There once was a flat sheet of cells 
That were stumpy and ugly as hell;
But one day they aróse, stood tall on their toes, 
and declared they were the best cells of all.

Presumptuously they cried that their lineage was high 
and right proudly they bragged of their codes;
But soon it was clear, they weren t like the ear 
and they were nixed in their dreams as placodes.

Semantics, they screamed, please maintain our dreams, 
but their pleas were unheeded and late;
And now to this day in repast they must lay 
as a misconstrued, flat neural píate!

T. W. S a d l e r  

Twin  B rid ges, MT

www.medilibros.com


IN TR O D U C TI O N

Embryology: Clinical 
Relevance and Historical ^  
Perspective

y

CLINICAL RELEVANCE

From a single cell to a baby in 9 months—a de- 
velopmental process that represents an amazing 
integration of increasingly complex phenom- 
ena. The study of these phenomena is called em­
bryology, and the field includes investigations 
o f the molecular, cellular, and structural factors 
contributing to the formation o f an organism. 
These studies are important because they pro- 
vide knowledge essential for creating health 
care strategies for better reproductive outcomes. 
Thus, our increasingly better understanding of 
embryology has resulted in new techniques for 
prenatal diagnoses and treatments; therapeutic 
procedures to circumvent problems with infer- 
tility; and mechanisms to prevent birth defects, 
the leading cause o f infant mortality. These im- 
provements in prenatal and reproductive health 
care are significant not only for their contribu- 
tions to improved birth outcomes but also for 
their long-term effects postnatally. In fact, both 
our cognitive capacity and our behavioral char- 
acteristics are affected by our prenatal experi- 
ences, and factors such as maternal smoking, 
nutrition, stress, diabetes, etc., play a role in 
our postnatal health. Furthermore, these expe- 
riences, in combination with molecular and cel­
lular factors, determine our potential to develop 
certain adult diseases, such as cáncer and car­
diovascular disease. Thus, our prenatal develop- 
ment produces many ramifications affecting our 
health for both the short and long term, making 
the study o f embryology and fetal development 
an important topic for all health care profession- 
als. Also, with the exception o f a few specialties, 
most physicians and health care workers will 
have an opportunity to interact with women 
of childbearing age, creating the potential for 
these providers to have a major impact on the 
outcome of these developmental processes and 
their sequelae.

■  A BRIEFHISTORYOF EMBRYOLOGY

The process of progressing from a single cell 
through the period o f estabhshing organ primor- 
dia (the first 8 weeks o f human development) is 
called the period of embryogenesis (sometimes 
called the period o f organogénesis); the pe­
riod from that point on until birth is called the 
fetal period, a time when differentiation con­
tinúes while the fetus grows and gains weight. 
Scientific approaches to study embryology have 
progressed over hundreds of years. Not surpris- 
ingly, anatómica! approaches dominated early 
investigations. Observations were made, and 
these became more sophisticated with advances 
in optical equipment and dissection techniques. 
Comparative and evolutionary studies were part 
o f this equation as scientists made comparisons 
among species and so began to understand the 
progression o f developmental phenomena. Also 
investigated were ofFspring with birth defects, 
and these were compared to organisms with 
normal developmental patterns. The study of 
the embryological origins and causes for these 
birth defects was called teratology.

In the 20th century, the field of experimental 
embryology blossomed. Numerous experiments 
were devised to trace cells during development to 
determine their cell lineages. These approaches 
included observations o f transparent embryos 
from tunicates that contained pigmented cells 
which could be visualized through a micro- 
scope. Later, vital dyes were used to stain living 
cells to foUow their fates. Still later in the 1960s, 
radioactive labels and autoradiographic tech­
niques were employed. One of the first genetic 
markers also aróse about this time with the cre- 
ation o f chick-quail chimeras. In this approach, 
quail cells, which have a unique pattern to their 
heterochromatin distribution around the nucle- 
olus, were grafted into chick embryos at early 
stages o f development. Later, host embryos were
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examined histologically, and the fates of the 
quail cells were determined. Permutations of this 
approach included development of antibodies 
specific to quail cell antigens that greatly assisted 
in the identification of these cells. Monitoring 
cell fates with these and other techniques pro­
vides valuable Information about the origins of 
difFerent organs and tissues.

Grafting experiments also provided the first 
insights into signaling between tissues. Examples 
of such experiments included grafting the primi- 
tive node from its normal position on the body 
axis to another and showing that this structure 
could induce a second body axis. In another 
example, employing developing limb buds, it 
was shown that if  a piece of tissue from the pos­
terior axial border of one limb was grafted to the 
anterior border o f a second limb, then digits on 
the host limb would be duplicated as the mir- 
ror image of each other. This posterior signaling 
región was called the zone o f polarizing activity 
(ZPA), and it is now known that the signaling 
molecule is SON IC H ED G EH OG  (SHH).

About this same time (1961), the Science of 
teratology became prominent because of the 
drug thalidom íde that was given as an antinau- 
seant and sedative to pregnant women. Unfortu- 
nately, the drug caused birth defects, including 
unique abnormalities of the limbs in which

one or more limbs was absent (amelia) or was 
lacking the long bones such that only a hand 
or foot was attached to the torso (phocomelia). 
The association between the drug and birth 
defects was recognized independently by two 
clinicians, W. Lenz and W. McBride, and showed 
that the conceptus was vulnerable to maternal 
factors that crossed the placenta. Soon, numer- 
ous animal models demonstrating an associa­
tion between environmental factors, drugs, and 
genes provided further insights between devel- 
opmental events and the origin o f birth defects.

Today, molecular approaches have been added 
to the list of experimental paradigms used to study 
normal and abnormal development. Numerous 
means of identifying cells using repórter genes, 
fluorescent probes, and other marking techniques 
have improved our ability to map cell fates. Using 
other techniques to alter gene expression, such as 
knockout, knock-in, and antisense technologies, 
has created new ways to produce abnormal devel­
opment and allowed the study of a single gene’s 
function in specific tissues. Thus, the advent of 
molecular biology has advanced the fieid of em­
bryology to the next level, and as we decipher 
the roles of individual genes and their interplay 
with environmental factors, our understanding of 
normal and abnormal developmental processes 
progresses.
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CHAPTE R

Introduction to Molecular 
Regulation and Signaling % p K . -■

m -

olecular biology has opened the doors to 
new ways to study embryology and to en- 
hance our understanding of normal and 

abnormal development. Sequencing the human 
genome, together with creating techniques to inves­
tígate gene regulation at many levels of complexity, 
has taken embryology to the next level. Thus, from 
the anatomical to the biochemical to the molecular 
level, the story of embryology has progressed, and 
each chapter has enhanced our knowledge.

Embryonic development is directed by 
genomes that contain all o f the Information re- 
quired to make an individual. The Information 
is encoded in DNA in sequences called genes 
that code for proteins. In turn, proteins regúlate 
expression of other genes and act as signal mol- 
ecules to orchestrate development.

There are approximately 23,000 genes in the 
human genome, which representa only one-fifth 
of the number (100,000) predicted prior to com- 
pletion of the Human Genome Project. Because of 
various levels of regulation, however, the number 
of proteins derived from these genes is closer to the 
original predicted number of genes. What has been 
disproved is the one gene-one protein hypothesis. 
Thus, through a variety o f mechanisms, a single 
gene may give rise to many proteins.

Gene expression can be regulated at several 
levels: (1) Diíferent genes may be transcribed, 
(2) DNA transcribed from a gene may be selec- 
tively processed to regúlate which RNAs reach 
the cytoplasm to become messenger RNAs 
(mRNAs), (3) mRNAs may be selectively trans- 
lated, and (4) proteins made from the mRNAs 
may be diíferentially modified.

■  GENETRANSCRIPTION___________

Genes are contained in a complex o f DNA and pro­
teins (mostly histones) caUed chromatín, and its 
basic unit of structure is the nucleosome (Fig. 1.1). 
Each nucleosome is composed of an octamer of

Histone complex

FIGURE 1.1 Drawing showing nucleosomes that 
form the basic unit of chromatin. Each nucleosome 
consists of an octamer of histone proteins and ap­
proximately 140 base pairs of DNA. Nucleosomes 
are joined into clusters by linker DNA and other his­
tone proteins.

histone proteins and approximately 140 base 
pairs of DNA. Nucleosomes themselves are joined 
into clusters by binding of DNA existing between 
nucleosomes (linker DNA) with other histone 
proteins (H1 histones; Fig. 1.1). Nucleosomes 
keep the DNA tightly coiled, such that it cannot 
be transcribed. In this inactive State, chromatin 
appears as beads of nucleosomes on a string of 
DNA and is referred to as heterochromatin. For 
transcription to occur, this DNA must be uncoiled 
from the beads. In this uncoiled State, chromatin is 
referred to as euchromatin.

Genes reside within the DNA strand and con­
tain regions called exons, which can be translated 
into proteins, and introns, which are interspersed 
between exons and which are not transcribed 
into proteins (Fig. 1.2). In addition to exons and 
introns, a typical gene includes the foUowing: a 
prometer región that binds RNA polymerase 
for the initiation o f transcription; a transcrip­
tion initiation site; a translation initiation 
site to desígnate the first amino acid in the pro­
tein; a translation termination codon; and a 
3 ' un translated región that includes a sequence
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Transcription 
termination 

PoIyA site 
addition site

FIGURE 1.2 Drawing of a "typical” gene showing the promoter región contalning the TATA box; exons that 
contain DNA sequences that are translated into proteins; introns; the transcription in itiation site; the trans- 
lation initiation site that designates the code for the first amino acid In a protein; and the 3' untransiated 
región that inciudes the poiy A addition site that participates in stabilizing the mRNA, aiiows it to exit the 
nucieus, and permits Its transiation into a protein.

(the poly A addition site) that assists with stabiliz­
ing the mRNA, allows it to exit the nucieus, and 
permits it to be translated into protein (Fig. 1.2). 
By convention, the 5' and the 3' regions of a gene 
are specified in relation to the RNA transcribed 
from the gene. Thus, DNA is transcribed from 
the 5' to the 3' end, and the promoter región is 
upstream from the transcription initiation site 
(Fig. 1.2). The promoter región, where the RNA 
polymerase binds, usually contains the sequence 
TATA, and this site is called the TATA box 
(Fig. 1.2). In order to bind to this site, however, 
the polymerase requires additional proteins called 
transcriptíon factors (Fig. 1.3). Transcription 
factors also have a specific DNA-binding do- 
maín plus a transactivating domain that acti- 
vates or inhibits transcription o f the gene whose 
promoter or enhancer it has bound. In combi- 
nation with other proteins, transcription factors 
actívate gene expression by causing the DNA 
nucleosome complex to unwind, by releasing 
the polymerase so that it can transcribe the DNA 
template, and by preventing new nucleosomes 
from forming.

Enhancers are regulatory elements o f DNA 
that actívate utilization o f promoters to control

their efliciency and the rate o f transcription from 
the promoter. Enhancers can reside anywhere 
along the DNA strand and do not have to reside 
cióse to a promoter. Like promoters, enhancers 
bind transcription factors (through the tran­
scription factor’s transactivating domain) and 
are used to regúlate the timing o f a gene’s expres­
sion and its cell-specific location. For example, 
separate enhancers in a gene can be used to di- 
rect the same gene to be expressed in different 
tissues. The PAX6 transcription factor, which 
participates in pancreas, eye, and neural tube 
development, contains three separate enhancers, 
each of which regulates the gene’s expression in 
the appropriate tissue. Enhancers act by altering 
chromatin to expose the promoter or by facilitat- 
ing binding o f the RNA polymerase. Sometimes, 
enhancers can inhibit transcription and are 
called silencers. This phenomenon allows a 
transcription factor to actívate one gene while 
silencing another by binding to different enhanc­
ers. Thus, transcription factors themselves have 
a DNA-binding domain specific to a región of 
DNA plus a transactivating domain that binds to 
a promoter or an enhancer and activates or in­
hibits the gene regulated by these elements.

Transcription Transcription 
factor protein initiation site 

complex

RNA transcript

FIGURE 1.3 Drawing showing binding of RNA polymerase II to  the TATA box site of the promoter región of 
a gene. This binding requires a complex of proteins plus an additional protein called a transcription factor. 
Transcription factors have their own specific DNA-binding domain and function to regúlate gene expression.
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DNA Methylation Represses 
Transcription
Methylation o f cytosine bases in the prometer 
regions o f genes represses transcription of 
those genes. Thus, some genes are silenced 
by this mechanism. For example, one o f the 
X  chromosomes in each cell of a female is in- 
activated (X  chromosome inactivation) by this 
methylation mechanism. Similarly, genes in dif- 
ferent types of cells are repressed by methylation, 
such that muscle cells make muscle proteins 
(their prometer DNA is mostly unmethylated), 
but not blood proteins (their DNA is highly 
methylated). In this manner, each cell can main- 
tain its characteristic diíferentiated State. DNA 
methylation is also responsible for genomic 
imprinting in which only a gene inherited from 
the father or the mother is expressed, whereas 
the other gene is silenced. Approximately 40 
to 60 human genes are imprinted, and their 
methylation patterns are established during 
spermatogenesis and oogenesis. Methylation 
silences DNA by inhibiting binding of tran­
scription factors or by altering histone binding 
resulting in stabilization o f nucleosomes and 
tightly coiled DNA that cannot be transcribed.

■  OTHER REGULATORS OF GENE 
EXPRESSION_____________________

The initial transcript o f a gene is called nuclear 
RNA (nRNA) or sometimes premessenger RNA. 
nRNA is longer than mRNA because it contains 
introns that are removed (spliced out) as the 
nRNA moves from the nucleus to the cytoplasm.

In fact, this splicing process provides a means for 
cells to produce different proteins from a single 
gene. For example, by removing different introns, 
exons are “spliced” in different patterns, a process 
called alternative splicing (Fig. 1.4). The process 
is carried out by spliceosomes, which are com- 
plexes of small nuclear RNAs (snRNAs) and 
proteins that recognize specific splice sites at the 
5' or the 3' ends o f the nRNA. Proteins derived 
from the same gene are called splicing isoforms 
(also called splice variants or alternative splice 
forms), and these afford the opportunity for 
different cells to use the same gene to make pro­
teins specific for that ceU type. For example, iso­
forms o f the W T l gene have different functions 
in gonadal versus kidney development.

Fven after a protein is made (translated), 
there may be post-translational modifícations 
that affect its function. For example, some pro­
teins have to be cleaved to become active, or they 
might have to be phosphorylated. Others need to 
combine with other proteins or be released from 
sequestered sites or be targeted to specific cell re­
gions. Thus, there are many regulatory levels for 
synthesizing and activating proteins, such that 
although only 23,000 genes exist, the potential 
number of proteins that can be synthesized is 
probably closer to five times the number of genes.

■  INDUCTION ANDORGAN 
FORMATION 

Organs are formed by interactions between cells 
and tissues. Most often, one group of cells or 
tissues causes another set o f cells or tissues to

5' untranslated
región Exons Introns

3' untranslated 
región

Protein
(bone)

Protein

FIGURE 1.4 Drawing of a hypothetical gene illustrating the process of alternative splicing to form different 
proteins from the same gene. Spliceosomes recognize specific sites on the initial transcript of nRNA from a 
gene. Based on these sites, different introns are “spliced out" to create more than one protein from a single 
gene. Proteins derived from the same gene are called splicing isoforms.



Part I • General Embryology

FIGURE 1.5 Drawing illustrating an epithelial- 
mesenchymal interaction. Following an initial signal 
from one tissue, a second tissue is induced to dif- 
ferentiate into a specific structure. The first tissue 
constitutes the inducen and the second is the re­
sponder. Once the induction process is initiated, 
signáis [orrow/s] are transmitted in both directions 
to compiete the differentiation process.

change their fate, a process called induction. In 
each such interaction, one cell type or tissue is 
the inducer that produces a signal, and one is the 
responder to that signal. The capacity to respond 
to such a signal is called competence, and compe- 
tence requires activation of the responding tissue 
by a competence factor. Many inductive inter- 
actions occur between epithelial and mesenchy- 
mal cells and are called epithelial-mesenchymal 
interactions (Fig. 1.5). Epithelial cells are joined 
together in tubes or sheets, whereas mesen- 
chymal cells are fibroblastic in appearance and 
dispersed in extracellular matrices (Fig. 1.5). 
Examples o f epithelial-mesenchymal interac­
tions include the following: gut endoderm and 
surrounding mesenchyme to produce gut-de- 
rived organs, including the liver and pancreas; 
limb mesenchyme with overlying ectoderm (epi- 
thelium) to produce limb outgrowth and difFer- 
entiation; and endoderm o f the ureteric bud and 
mesenchyme from the metanephric blastema to 
produce nephrons in the kidney. Inductive inter­
actions can also occur between two epithelial tis- 
sues, such as induction o f the lens by epithelium 
of the optic cup. Although an initial signal by the 
inducer to the responder initiates the inductive 
event, crosstalk between the two tissues or cell 
types is essential for differentiation to continué 
(Fig. 1.5, arrows).

■  CELLSIGNALING_________________

Cell-to-cell signaling is essential for induction, 
for conference of competency to respond, and for 
crosstalk between inducing and responding cells.

These Unes o f communication are established by 
paracrine interactions, whereby proteins syn- 
thesized by one cell difFuse over short distances 
to interact with other cells, or by juxtacrine 
interactions, which do not involve diífusable 
proteins. The difFusable proteins responsible for 
paracrine signaling are called paracrine factors 
or growth and diíFerentiation factors (GDFs).

Signal Transduction Pathways 
Paracrine Signaling
Paracrine factors act by signal transduction 
pathways either by activating a pathway directly 
or by blocking the activity of an inhibitor o f a 
pathway (inhibiting an inhibitor, as is the case with 
hedgehog signaling). Signal transduction path­
ways include a signaling molecule (the ligand) 
and a receptor (Fig. 1.6). The receptor spans the 
cell membrane and has an extracellular domain 
(the ligand-binding región), a transmembrane 
domain, and a cytoplasmic domain. When a 
ligand binds its receptor, it induces a confor- 
mational change in the receptor that activates 
its cytoplasmic domain. Usually, the result of 
this activation is to confer enzymatic activity to 
the receptor, and most often, this activity is a 
kinase that can phosphorylate other proteins 
using ATP as a substrate. In turn, phosphoryla- 
tion activates these proteins to phosphorylate ad- 
ditional proteins, and thus a cascade o f protein 
interactions is established that ultimately acti­
vates a transcription factor. This transcription 
factor then activates or inhibits gene expression. 
The pathways are numerous and complex and 
in some cases are characterized by one protein 
inhibiting another that in turn activates another 
protein (much like the situation with hedgehog 
signaling).

Juxtacrine Signaling
Juxtacrine signaling is mediated through signal 
transduction pathways as well but does not in­
volve difFusable factors. Instead, there are three 
ways juxtacrine signaling occurs: (1) A protein 
on one cell surface interacts with a receptor on 
an adjacent cell in a process analogous to para­
crine signaling (Fig. 1.6). The Notch pathway 
represents an example o f this type o f signaling 
(see “Key Signaling Pathways for Development,” 
p. 8). (2) Ligands in the extracellular matrix se- 
creted by one cell interact with their receptors on 
neighboring cells. The extracellular matrix is the 
milieu in which cells reside. This milieu consists
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FIGURE 1.6 Drawing of a typical signal transduction pathway involving a ligand and its receptor. Activation 
of the receptor is conferred by binding to the ligand. Typically, the activation is enzymatic involving a tyro- 
sine kinase, aithough other enzymes may be empioyed. Uitimately, kinase activity resuits in a phosphoryia- 
tion cascade of severa! proteins that actívales a transcription factor for reguiating gene expression.

of large molecules secreted by cells including 
collagen, proteoglycans (chondroítin sulfates, 
hyaluronic acid, etc.), and glycoproteins, such 
as fibronectin and lamínin. These molecules 
provide a substrate for cells on which they can 
anchor or migrate. For example, laminin and 
type IV collagen are components o f the basal 
lamina for epithelial cell attachment, and fibro- 
nectin molecules form scaffolds for cell migra- 
tion. Receptors that link extracellular molecules 
such as fibronectin and laminin to cells are called 
integríns. These receptors “integrate” matrix 
molecules with a cell’s cytoskeletal machinery 
(e.g., actin mícroñlaments), thereby creating 
the ability to migrate along matrix scaffold- 
ing by using contractile proteins, such as actin. 
Also, integrins can induce gene expression and 
regúlate differentiation as in the case of chon- 
drocytes that must be linked to the matrix to 
form cartilage. (3) There is direct transmission 
of signáis from one cell to another by gap )unc- 
tions. These junctions occur as channels be- 
tween cells through which small molecules and 
ions can pass. Such communication is important 
in tightly connected cells like epithelia of the gut 
and neural tube because they allow these cells 
to act in concert. The junctions themselves are 
made of connexin proteins that form a chan- 
nel, and these channels are “connected” between 
adjacent cells.

It is important to note that there is a great 
amount o f redundancy built into the process of 
signal transduction. For example, paracrine sig­
naling molecules often have many family mem- 
bers such that other genes in the family may 
compénsate for the loss of one o f their coun- 
terparts. Thus, the loss o f function of a signal­
ing protein through a gene mutation does not 
necessarily result in abnormal development or 
death. In addition, there is crosstalk between 
pathways, such that they are intimately inter- 
connected. These connections provide numer- 
ous additional sites to regúlate signaling.

Paracrine Signaling Factors
There is a large number o f paracrine signaling 
factors acting as ligands, which are also called 
GDFs. Most are grouped into four families, and 
members o f these same families are used repeat- 
edly to regúlate development and differentiation 
o f organ systems. Furthermore, the same GDFs 
regúlate organ development throughout the 
animal kingdom from D rosophila  to humans. 
The four groups of GDFs include the fibroblast 
growth factor (FGF), WNT, hedgehog, and 
transforming growth factor-(3 (TGF-(3) fami­
lies. Each family o f GDFs interacts with its own 
family o f receptors, and these receptors are as 
important as the signal molecules themselves in 
determining the outcome o f a signal.



Part I • General Embryology

Fibroblast Growth Factors
Originally named because they stimulate the 
growth o f fibroblasts in culture, there are now 
approximately two dozen FGF genes that have 
been identified, and they can produce hundreds 
o f protein isoforms by altering their RNA splic- 
ing or their initiation codons. FGF proteins 
produced by these genes actívate a collection 
o f tyrosine receptor kinases called ñbroblast 
growth factor receptors (FGFRs). In turn, these 
receptora actívate varíous sígnalíng pathways. 
FGFs are partícularly ímportant for angíogene- 
sís, axon growth, and mesoderm dífFerentíation. 
Although there ís redundancy in the family, 
such that FGFs can sometimes substitute for one 
another, individual FGFs may be responsible 
for specific developmental events. For example, 
FGFS ís ímportant for development of the limbs 
and parts of the braín.

Hedgehog Proteins
The hedgehog  gene was named because it coded 
for a pattern o f bristles on the leg of D rosophila 
that resembled the shape o f a hedgehog. In mam- 
mals, there are three hedgehog genes, desert, 
In d ian , and son ic hedgehog. Sonic hedgehog  
(SHH) ís ínvolved in a multítude o f develop­
mental events (see “Key Sígnalíng Pathways for 
Development,” p. 8).

WNT Proteins
There are at least 15 dííferent W NT genes that are 
related to the segment polarity gene, wingless in 
Drosophila. Their receptors are members o f the 
frizzled family of proteins. WNT proteins are 
ínvolved in regulatíng límb patterning, midbraín 
development, and some aspects o f somite and 
urogenital diíferentiation among other actions.

The TGF-fi Superfamily
The TGF-(5 superfamily has more than 30 mem­
bers and includes the TGF-ps, the bone morpho- 
genetic proteins (BMPs), the activin family, the 
müllerian inhibiting factor (MIF, anti-müllerian 
hormona), andothers. Thefirstmemberofthe fam­
ily, TGF- p I , was isolated from virally transformed 
cells. TGF-p members are ímportant for extracel- 
lular matrix formation and epithelíal branching 
that occurs in lung, kidney, and salivary gland 
development. The BMP family induces bone for­
mation and is Ínvolved in regulatíng cell división, 
cell death (apoptosis), and ceU migration among 
other functions.

Other Paracríne Sígnalíng Molecules
Another group of paracríne sígnalíng molecules 
ímportant during development are neurotrans- 
mitters, íncludíng serotonin, 7 -amino butyric 
acid (GABA), epinephrine, and norepinephrine 
that act as ligands and bind to receptors just as pro­
teins do. These molecules are not just transmitters 
for neurons; they also provide ímportant signáis 
for embryologícal development. For example, se­
rotonin (5-HT) acts as a ligand for a large number 
o f receptors, most o f which are G protein-coupled 
receptors. Acting through these receptors, 5-HT 
regulates a variety of ceUular functions, íncluding 
cell proliferation and migration, and is impor- 
tant for establíshing laterality, gastrulatíon, heart 
development, and other processes during early 
stages o f differentiation. Norepinephrine also acts 
through receptors and appears to play a role in 
apoptosis (programmed cell death) in the inter­
digital spaces and in other cell types.

■  KEY SIGNALING PATHWAYS FOR 
DEVELOPMENT__________________

Sonic Hedgehog: Master Gene for 
Embryogenesís
In the days before molecular biology, embryolo- 
gists were convinced of the existence of a master 
signal that directed all o f embryonic development. 
This signal would act as a morphogen, a secreted 
molecule that would establish concentration gra- 
dients and instruct cells in how to become diífer- 
ent tissues and organs. Although we now know 
that there are a multitude of signaling molecules 
that coordinately regúlate development, the 
protein SHH comes closest to being the master 
morphogen of them all. This protein is involved 
in development o f the vasculature, left-right axis 
formation, midline, cerebellum, neural pattern­
ing, limbs, smooth muscle patterning, heart, gut, 
pharynx, lungs, pancreas, kidneys, bladder, hair 
follicles, teeth, thymocytes, inner ear, eyes, and 
taste buds: a veritable plethora of developmental 
events. Sonic signaling is via the pathway shown 
in Figure 1.7. The protein binds to its receptor 
Patched (Ptc), a protein that normally inhibits 
the receptor-like protein Smoothened (Smo). 
Upon binding o f SHH to Ptc, Ptc activity is elimi- 
nated, the inhibition of Smo is removed, and Smo 
is activated to, ultimately, upregulate activity of 
the G LI family (1 to 3) of transcription factors 
that control expression of target genes. The speci-
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FIGURE 1.7 Drawings illustrating the sonic hedgehog [SHH] signaling pathway. A. Drawing of a cell show- 
Ing Patched Inhibition of Smoothened that blocks activation of the Gil proteins that normally transduce the 
SHH signal. B. Drawing showing SHH binding to its receptor Patched, that removes Patched’s inhibition of 
Smoothened. Activation of Smoothened then upregulates the GLI transcription factors that bind to DNA and 
control downstream effector genes in the SHH pathway.

ficity o f SHH  expression in diíFerent cell types is 
regulated by múltiple enhancer elements acting 
independently to control SHH  transcription in 
diíferent cells and tissues.

The SHH protein has some unique charac- 
teristics, including the fact that after transla- 
tion it is cleaved and cholesterol is added to the 
C-terminus o f its N-terminal domain. It is the 
addition o f cholesterol that links SHH to the 
plasma membrane. Then, a palmitic acid moiety 
is added to the N-terminus and SHH becomes

fully functional. Its release from the plasma 
membrane is produced by the transmembrane 
protein Dispatched, and at this point, SHH can 
establish the concentration gradients character- 
istic o f its action as a morphogen.

The Planar Cell Polarity: Convergent 
Extensión Pathway
The planar cell polarity (PCP) pathway regu- 
lates the process o f convergent extensión 
whereby a tissue becomes longer and narrower
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(Fig. 1.8A). For example, during neural tube for- 
mation (neurulation), the neural píate narrows 
and elongates to form the neural groove be- 
tween the neural folds. Similarly, during gastru- 
lation, cells move medially and the embryonic 
axis elongates. Other examples o f convergent 
extensión include elongation o f the cardiac out- 
flow tract and movement of the lateral body wall 
folds toward the midline. Convergent extensión 
requires changes in cell shape together with cell 
movement and intercalation with other cells 
(Fig. 1.8A).

PCP refers to the reorganization of cells and 
cell sheets in the plañe o f a tissue, such as oc- 
curs during convergent extensión. The princi­
pal PCP signaling pathway is the noncanonical 
W NT pathway, which includes the W nt recep­
tor Frizzled (Fz) and two other transmembrane 
proteins called Celsr and Vangl (Fig. 1.8B). 
These transmembrane proteins primarily target 
activation o í  DISHEVELLED (DVL), either di- 
rectly or through downstream effectors, such as 
Prickle (Pk) and Diego (Dgo). In turn, Dvl regu- 
lates signaling vía the Rho and Rae kinases to 
upregulate c-Jun N-terminal kinases (JNK) that 
control cytoskeletal changes and other down­
stream effectors including transcription factors. 
Mutations in many of these genes, including FZ, 
CELSR, VANGL, and DVL have been shown to 
cause neural tube defects in mice and muta­
tions in VANGL genes have been linked to these 
types o f defects in humans.

The Notch Pathway
Notch transmembrane receptors bind to trans­
membrane ligands o f the DSL (Delta/Serrate/ 
LAG-2) family, which requires cell-to-cell con- 
tact (juxtacrine signaling) for signaling to occur. 
In mammals, there are four Notch family mem- 
bers and five transmembrane ligands (Jagged 1 
and 2 and Delta 1 to 3). Binding o f one o f these 
proteins to a Notch receptor causes a conforma- 
tional change in the Notch protein such that part 
o f it on the cytoplasmic side of the membrane 
is cleaved. The pathway is very straight forward 
in that there are no second messengers involved. 
Thus, the cleaved portion o f the protein enters 
the nucleus directly and binds to a DNA-binding 
protein that normally represses transcription of 
Notch target genes. Binding o f Notch removes 
the inhibitory activity of the repressor and per- 
mits activation o f downstream genes (Fig. 1.9).

Notch  signaling is involved in cell prolifera- 
tion, apoptosis, and epithelial to mesenchymal 
transitions. It is especially important in neuronal 
differentiation, blood vessel formation and spec- 
ification (angiogenesis), somite segmentation, 
pancreatic (3-cell development, B- and T-cell 
differentiation in the immune system, develop­
ment o f inner ear hair cells, and septation o f the 
outflow tract o f the heart. Mutations in JA G l or 
N 0T C H 2  cause Alagille syndrome character- 
ized by cardiac outflow tract defects as well as 
skeletal, ocular, renal, and hepatic abnormalities. 
JA G l mutations have also been linked to cases of 
tetralogy o f Fallot (a cardiac outflow tract defect).

S U M M A R Y
During the past century, embryology has pro- 
gressed from an observational Science to one 
involving sophisticated technological and mo­
lecular advances. Together, observations and 
modern techniques provide a clearer under- 
standing of the origins of normal and abnor- 
mal development and, in turn, suggest ways to 
prevent and treat birth defects. In this regard, 
knowledge o f gene function has created entire 
new approaches to the subject.

There are approximately 23,000 genes in the 
human genome, but these genes code for approx­
imately 100,000 proteins. Genes are contained in 
a complex o f DNA and proteins caUed chroma- 
tin, and its basic unit o f structure is the nucleo- 
some. Chromatin appears tightly coiled as beads 
o f nucleosomes on a string and is called hetero- 
chromatin. For transcription to occur, DNA 
must be uncoiled from the beads as euchromatin. 
Genes reside within strands o f DNA and contain 
regions that can be translated into proteins, called 
exons, and untranslatable regions, called introns. 
A typical gene also contains a promoter región 
that binds RNA polymerase for the initiation 
of transcription; a transcription initiation site, 
to desígnate the first amino acid in the protein; 
a translation termination codon; and a 3 ' un- 
translated región that includes a sequence (the 
poly A addition site) that assists with stabiliza- 
tion of the mRNA. The RNA polymerase binds to 
the promoter región that usually contains the se­
quence TATA, the TATA box. Binding requires 
additional proteins called transcription factors. 
Methylation of cytosine bases in the promoter 
región silences genes and prevents transcription. 
This process is responsible for X  chromosome
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FIGURE 1.9 Drawing illustrating signaling via the Notch pathway. Notch receptors located on one cell bind a 
ligand from the DSL family Üagged or Serrate) that are located on an adjacent cell [juxtacrine signaling), and 
this receptor-ligand interaction activates a proteolytic enzyme that cleaves the Notch protein to produce the 
activated membrane anchored Notch extracellular truncation (NEXTj. NEXT is then cleaved by an intracellular 
secretase enzyme that results in the release of Notch intracellular domain [NICD] that represents the active 
signaling portion of the original Notch receptor. NICD translocates directly to the nucleus where it binds to tran- 
scription repressors and removes their inhibitory activity on downstream target genes of the Notch pathway.

inactivation whereby the expression of genes on 
one of the X  chromosomes in females is silenced 
and also for genomic imprinting in which either 
a paternal or a maternal gene’s expression is 
repressed.

Different proteins can be produced from a sin­
gle gene by the process of altematíve splidng that 
removes different introns using spliceosomes. 
Proteins derived in this manner are called splicing 
isoforms or splice variants. Also, proteins may 
be altered by post-translational modifications, 
such as phosphorylation or cleavage.

Induction is the process whereby one group 
of cells or tissues (the inducer) causes another 
group (the responder) to change their fate. The 
capacity to respond is called competence and 
must be conferred by a competence factor. 
Many inductive phenomena involve epithelial- 
mesenchymal interactions.

Signal transduction pathways include a sig­
naling molecule (the ligand) and a receptor. 
The receptor usually spans the cell membrane 
and is activated by binding with its specific 
ligand. Activation usually involves the capacity 
to phosphorylate other proteins, most often as 
a kinase. This activation establishes a cascade of 
enzyme activity among proteins that ultimately 
activates a transcription factor for initiation of 
gene expression.

CeU-to-ceU signaling may be paracrine, in- 
volving diífusable factors, or juxtacrine, involv- 
ing a variety of nondiífusable factors. Proteins 
responsible for paracrine signaling are called 
paracrine factors or GDFs. There are four major 
families o f GDFs: FGFs, WNTs, hedgehogs, and 
TGF-(5s. In addition to proteins, neurotransmit- 
ters, such as serotonin (5-HT) and norepineph- 
rine, also act through paracrine signaling, serving
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as ligands and binding to receptors to produce 
specific cellular responses. Juxtacrine factors 
may include products of the extracellular matrix, 
ligands bound to a cell’s surface, and direct cell- 
to-cell Communications.

There are many cell signaling pathways im- 
portant for development, but two key pathways 
involve the protein SHH and the noncanonical 
W N Tpathway, better known as the PCP pathway 
that regulates convergent extensión. SHH  is al- 
most a master gene, and when this gene’s pro­
tein product binds to its receptor patched, it 
removes patched’s inhibition o f smoothened. 
Once activated, smoothened causes upregulation 
of the G LI  family of transcription factors that 
control downstream signaling by SHH. SHH is 
a diffusible factor with a cholesterol molecule 
bound to it, and it serves as a morphogen by 
establishing concentration gradients that regú­
late cell responses. SHH signaling is involved in 
many developmental events, including establish­
ing the midline and left-right asymmetry and in 
patterning many different organs.

The PCP regulates movements of cells and 
sheets o f cells in the plañe of a tissue, such that 
the cells intercálate with other cells in such a 
way that the tissue elongates, a process called 
convergent extensión. These types of cell

movements are responsible for lengthening the 
embryo and the neural tube during gastrulation 
and neurulation, respectively. Several genes are 
involved in regulating this process, including 
WNT and its receptor FRIZZLED, CELSR, and 
VANGL that code for transmembrane proteins, 
and DISHEVELLED  that codes for a protein that 
acts through Rho and Rae kinases to aífect the cy- 
toskeleton and other genes regulating cell move­
ments. Mutations in these genes cause neural 
tube defects in mice and those involving VANGL 
have been linked to these defects in humans.

jSEsm ^ sm -
1. What is meant by “competence to respond” 

as part o f the process o f induction? W hat tis- 
sues are most often involved in induction? 
Give two examples.

2. Under normal conditions, FGFs and their 
receptors (FGFRs) are responsible for growth 
o f the skuU and development of the cranial 
sutures. How might these signaling pathways 
be disrupted? Do these pathways involve 
paracrine or juxtacrine signaling? Can you 
think o f a way that loss o f expression o f one 
FGF might be circumvented?
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Gametogenesis: Conversión 
of Germ Cells into Male and 
Female Gametes W

■  PRIMORDIAL GERM CELLS________

Development begins with fertilization, the pro- 
cess by which the male gamete, the sperm, and 
the female gamete, the oocyte, unite to give rise 
to a zygote. Gametes are derived from prim or­
dial germ cells (PGCs) that are formed in the 
epiblast during the second week, move through 
the primitive streak during gastrulation, and 
migrate to the wall o f the yolk sac (Fig. 2.1). 
During the fourth week, these cells begin to 
migrate from the yolk sac toward the devel- 
oping gonads, where they arrive by the end of 
the fifth week. M itotic divisions increase their 
number during their migration and also when 
they arrive in the gonad. In preparation for fer­
tilization, germ cells undergo gametogenesis, 
which includes meiosis, to reduce the number 
o f chromosomes and cytodiíFerentiation to 
complete their maturation.

Am niotic cavity

Clinical Correlates

FIGURE 2.1 An embryo at the end of the third 
week, showing the position of primordial germ cells 
(PGCs) in the wall of the yolk sac, cióse to the at- 
tachment of the future umbilical cord. From this lo- 
cation, these cells migrate to the developing gonad.

Primordial Germ Cells and Teratom as  

Teratom as are tum ors o f d isputed origin 
th a t o ften  conta in a va rie ty  o f tissues, such 
as bone, hair, muscle, gu t epithelia, and o th - 
ers. It is tho u g h t th a t these tum ors arise 
from  p lu ripo ten t stem  cells th a t can d iffe r- 
entia te  in to  any o f the  three germ  layers or 
th e ir  deriva tives. Some ev iden te  suggests 
th a t PGCs th a t have strayed from  the ir nor­
mal m igra tory paths could be responsible 
fo r som e o f these tum ors (Fig. 2.2]. Another 
source m ay be ep ib last cells th a t give rise 
to  all th ree germ  layers during gastru la tion  
(see p. 65 and Fig. 5.9, p. 66).

FIGURE 2.2 Oropharyngeal teratoma. These 
tumors may arise from PGCs or from epiblast cells 
(see Chapter 5], both of which are pluripotent. 
Tissues within the tumors include derivatives of 
all three germ layers and may include gut, bone, 
skin, teeth, and so forth.

O
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■  THECHROMOSOMETHEORYOF 
INHERITANCE____________________

Traits of a new individual are determined by spe- 
cific genes on chromosomes inherited from the 
father and the mother. Humans have approxi- 
mately 23,000 genes on 46 chromosomes. Genes 
on the same chromosome tend to be inherited 
together and so are known as línked genes. 
In somatic cells, chromosomes appear as 23 
homologous pairs to form the diploid number of 
46. There are 22 pairs o f matching chromosomes, 
the autosomes, and one pair of sex chromo­
somes. If  the sex pair is XX, the individual is 
geneticaUy female; if  the pair is XY, the individual 
is geneticaUy male. One chromosome of each pair 
is derived from the maternal gamete, the oocyte, 
and one from the paternal gamete, the sperm. 
Thus, each gamete contains a haploid number of 
23 chromosomes, and the unión o f the gametes 
at fertilization restores the diploid number of 46.

Mitosis
Mitosís is the process whereby one cell divides, 
giving rise to two daughter cells that are geneti- 
cally identical to the parent cell (Fig. 2.3). Each

daughter ceU receives the complete complement 
o f 46 chromosomes. Before a cell enters mitosis, 
each chromosome replicates its DNA. During this 
replication phase, chromosomes are extremely 
long, they are spread diífusely through the nu- 
cleus, and they cannot be recognized with the light 
microscope. With the onset of mitosis, the chro­
mosomes begin to coil, contract, and condense; 
these events mark the beginning of prophase. 
Each chromosome now consists o f two parallel 
subunits, chromatids, that are joined at a narrow 
región common to both called the centromere. 
Throughout prophase, the chromosomes continué 
to condense, shorten, and thicken (Fig. 2.3A), but 
only at prometaphase do the chromatids become 
distinguishable (Fig. 2.35). During metaphase, 
the chromosomes line up in the equatorial plañe, 
and their doubled structure is clearly visible (Fig. 
2.3C). Each is attached by microtubules extend- 
ing from the centromere to the centriole, forming 
the mitotic spindle. Soon, the centromere of each 
chromosome divides, marking the beginning of 
anaphase, foUowed by migration of chromatids 
to opposite poles of the spindle. Finally, during 
telophase, chromosomes uncoil and lengthen, 
the nuclear envelope reforms, and the cytoplasm

Chromosome Centriole

Prometaphase

Telophase

Double-structured
chromosome

Metaphase

Daughter cells

FIGURE 2.3 Various stages of mitosis. In prophase, chromosomes are visible as siender threads. Doubled 
chromatids become clearly visible as individual units during metaphase. At no time during división do mem- 
bers o f a chromosome pair unite. Blue, paternal chromosomes; red, maternal chromosomes.
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divides (Fig. 2.3D-F). Each daughter cell receives 
half o f all doubled chromosome material and thus 
maintains the same number of chromosomes as 
the mother cell.

Meiosis
Meiosis is the ceU división that takes place in the 
germ cells to generate male and female gametes, 
sperm and egg ceUs, respectively. Meiosis requires 
two ceU divisions, meiosis I  and meiosis II, to 
reduce the number of chromosomes to the hap- 
loid number o f 23 (Fig. 2.4). As in mitosis, male 
and female germ ceUs (spermatocytes and pri- 
mary oocytes) at the beginning of meiosis I 
replícate their DNA so that each o f the 46 chro­
mosomes is duplicated into sister chromatids. 
In contrast to mitosis, however, homologous

chromosomes then align themselves in pairs, a 
process called synapsis. The pairing is exact and 
point for point except for the XY combination. 
Homologous pairs then separate into two daugh­
ter cells, thereby reducing the chromosome num­
ber from diploid to haploid. Shorüy thereafter, 
meiosis II separates sister chromatids. Each gam- 
ete then contains 23 chromosomes.

Crossover
Crossovers, critical events in meiosis I, are the 
interchange of chromatid segments between 
paired homologous chromosomes (Fig. 2.4C). 
Segments of chromatids break and are ex- 
changed as homologous chromosomes separate. 
As separation occurs, points o f interchange are 
temporarily united and form an X-like structure,

Pulling apart of 
double-structured 

chromosomes

FIGURE 2.4 First and second meiotic divisions. A. Homologous chromosomes approach each other. 
B. Homologous chromosomes pair, and each member of the pair consists of two chromatids. C. Intimately 
paired homologous chromosomes interchange chromatid fragments [crossover]. Note the chiasma. 
D. Double-structured chromosomes pulí apart. E. Anaphase of the first meiotic división. F,G. During the sec­
ond meiotic división, the double-structured chromosomes spiit at the centromere. At completion of división, 
chromosomes in each of the four daughter cells are different from each other.
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Primary spermatocyte 
after DNA replication

Spermatids

FIGURE 2.5 Events occurring duhng the first and second maturation divisions. A. The prim itive female germ 
cell (primary oocyte] produces oniy one mature gamete, the mature oocyte. B. The primitive male germ cell 
[primary spermatocyte) produces four spermatids, all of v^hich develop into spermatozoa.

a chíasma (Fig. 2.4C). The approximately 30 to 
40 crossovers (one or two per chromosome) with 
each meiotic I división are most frequent be- 
tween genes that are far apart on a chromosome. 

As a result o f meiotic divisions:

■ Genetic variability is enhanced through
■ crossover, which redistributes genetic 

material
■ random distribution of homologous chro- 

mosomes to the daughter cells
■ Each germ cell contains a haploid number of 

chromosomes, so that at fertilization the dip- 
loid number o f 46 is restored.

Polar Bodies
Also during meiosis, one primary oocyte gives 
rise to four daughter cells, each with 22 plus 1 
X  chromosomes (Fig. 2.5A). Only one o f these 
develops into a mature gamete, however, the oo­
cyte; the other three, the polar bodies, receive 
little cytoplasm and degenerate during sub- 
sequent development. Similarly, one primary 
spermatocyte gives rise to four daughter cells, 
two with 22 plus 1 X  chromosomes and two with
22 plus 1 Y chromosomes (Fig. 2.5B). In contrast 
to oocyte formation, however, all four develop 
into mature gametes.

Clinical Correlates

Birth Defects and Spontaneous Abortions: 
Chromosomal and Genetic Factors 

Chromosomal abnormalitíes, which m ay 
be numerical or structural, are im portan t 
causes o f b irth  defects and spontaneous 
abortions. It is estim ated th a t 50%  o f con- 
ceptions end in spontaneous abortion  and 
th a t 50%  o f these abortuses have m ajor 
chrom osom al abnorm alities. Thus, app rox i­
m ate ly  25%  o f conceptuses have a m ajor 
chrom osom al defect. The m ost com m on

chrom osom al abnorm alities in abortuses are 
45, X (Turner syndrom e), trip lo idy, and trisom y 
16. Chrom osomal abnorm alities account fo r 
10% o f m ajor b irth  defects, and gene m uta- 
tions account fo r an add itional 8%.

Numerical Abnormalities 
The norm al hum an som atic cell contains 
46  chrom osom es; the  norm al gam ete contains 
23. Normal som atic cells are diploid, or 2n;

[continued]
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Primary oocyte or spermatocyte 
after DNAduplication 
46 double-structured 

chromosomes

i
Normal meiotíc Nondisjunction Nondisjunction  

2nd meiotic división

chromosomes
A B C

FIGURE 2.6 A. Normal maturation divisions. B. Nondisjunction in the firs t meiotic división. C. Nondisjunction 
in the second meiotic división.

norm al gam etes are hapioid, or n. Eupioid 
refers to  any exact m últip le  o f n  (e.g., diploid 
or trip lo id ]. Aneupioid refers to  any chrom o- 
som e num ber th a t is no t eupioid; it  is usually 
applied when an extra  chrom osom e is pres- 
en t (trisomy] or when one is m issing (mono- 
somy). A bnorm alities in c lirom osom e num ber 
m ay origínate during m eiotic o r m ito tic  d iv l- 
sions. In meiosis, tw o  mem bers o f a paír o f 
liom ologous chrom osom es norm ally separate 
during the  f irs t m eiotic división, so th a t each 
daughte r cell receives one m em ber o f each 
pair (Fig. 2.6A). Sometimes, however, sepa- 
ration does no t occur (nondisjunctionj, and 
both m em bers o f a pair m ove in to  one cell 
(Fig. 2.6S,C]. As a resu lt o f nondis junction o f 
the  chrom osom es, one cell receives 24 chro­
m osomes, and the  o ther receives 22 instead 
o f the norm al 23. When, a t fe rtiliza tion , a 
gam ete having 23 chrom osom es fuses w ith  
a gam ete having 24 or 22 chrom osom es, the 
resu lt is an individual w ith  e ithe r 47 chrom o­
som es (trisom y] or 45 chrom osom es (mono- 
somy). Nondisjunction, which occurs during 
e ithe r the  f irs t  or the  second m eiotic división 
o f the germ  cells, may involve the  autosom es 
or sex chrom osom es. In women, the  incidence 
o f chrom osom al abnorm alities, including non­

d isjunction, increases w ith  age, especially at 
35 years and oider.

O ccasionally, nond is junction  occurs during 
m itos is  [m itotic nondisjunction) in an em - 
b ryon ic  cell during  th e  earlies t cell divisions. 
Such cond itions produce mosaicism, w ith  
som e cells having an abnorm al chrom osom e 
num ber and o the rs  being norm al. A ffected 
ind iv iduá is  m ay e xh ib it few  o r m any o f the 
characte ris tics  o f a pa rticu la r syndrom e, de- 
pending on th e  num ber o f cells involved and 
th e ir  d is tr ibu tion .

Sometim es chrom osom es break, and pieces 
o f one chrom osom e attach to  another. Such 
transiocations m ay be baianced, in which 
case breakage and reunión occur between tw o 
chromosom es, bu t no critica l genetic m ate ­
rial is los t and ind iv iduáis are norm al; or they 
m ay be unbaianced, in wh ich case part o f one 
chrom osom e is lost, and an altered pheno- 
type is produced. For exam ple, unbaianced 
transiocations between the  long arms of 
chrom osom es 14 and 21 during meiosis I or II 
produce gam etes w ith  an extra copy o f chro­
m osom e 21, one o f the  causes o f Down syn­
drom e (Fig. 2.7). Transiocations are particu larly 
com m on between chrom osom es 13,14.15, 21, 
and 22 because they  c luster during meiosis.
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FIGURE 2.7 A. Translocation of the long arms of chromosomes 14 and 21 at the centromere. Loss o f the 
short arms is not clinically significant, and these individuáis are clinically normal, although they are at risk 
for producing offspring with unbalanced translocations. B. Karyotype of translocation of chromosome 21 
onto 14, resulting in Down syndrome.

Tr is o m y  21 [D o w n  Sy n d r o m e ]

Down syndrome is caused by an extra copy of 
chromosome 21 (trisomy 21) (Fíg. 2.8]. Features 
of children w ítii Down syndrom e include growth 
retardation; varying degrees o f in tellectual dis- 
ability; cranio fadal abnormalities, includíng 
upward slantíng eyes, epícantlial fo lds (extra 
skin folds a t the medial corners o f the eyes], 
fía t facies, and small ears; cardiac defects; and 
hypotonia (Fig. 2.9). These individuáis aiso have 
an increased chance o f deveioping ieukemia, 
infections, thyro id dysfunction, and prem ature 
aging. Furthermore, an increased frequency 
and earlier onset of Aizheimer disease is ob- 
served among persons w ith  Down syndrome.

In 95%  of cases, the syndrom e is caused by t r i­
som y 21 resulting from  m eiotic nondisjunction, 
and in 75% o f these instances, nondisjunction 
occurs during oocyte formation. The incidence 
of Down syndrom e is approxim ately 1 in 2,000 
conceptuses fo r women under age 25. This risk 
increases w ith  maternal age to  1 in 300  a t age 
35 and 1 in 100 at age 40.

In approx im ate ly  4%  o f cases o f Down syn­
drome, there  is an unbalanced translocation  
between chrom osom e 21 and chrom osom e 13, 
14,15, o r 21 [Fig. 2.7). The fina l 1% is caused by 
mosaicism  resulting from  m ito tic  nondis junc­
tion. These individuáis have some cells w ith  a 

[continuedj
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FIGURE 2.8 Kai70 type of trisomy 21, Down syndrome.

norm al chrom osom e num ber and som e th a t 
are aneuploid. They may exh ib it few  or many 
o f the  characteristics o f Down syndrome.

T r is o m y  18

Patients w ith  trisom y 18 show the  fo llow - 
ing features: in te llectua l d isability , congenital

heart defects, lo w -se t ears, and flex ión  o f fin - 
gers and hands (Fig. 2.10). In add ition, pa tien ts 
frequen tiy  show m icrognathia, renal anom a- 
lies, syndactyly, and m alform ations o f the 
skeleta l system. The inc iden te  o f th is  cond ition 
is approx im ate ly  1 in 5 ,000  newborns. E ighty- 
five percent are lost between 10 weeks of

FIGURE 2.9 A. Chlld with Down syndrome. Note the fíat broad face, obligue palpebral flssures, and protrudlng 
tongue. Children with Down syndrome usualiy have some degree of intellectual disability and many have car- 
diac defects. B. Another characteristic of these children is a broad hand with a single transverse [simian] crease.
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FIGURE 2.10 Child with trisomy 18. Note the low- 
set ears, small mouth, deficient mandible [micro- 
gnathia], flexión of the hands, and absent and/or 
hypoplasia of the radius and ulna.

gesta tion  and term , whereas those born alive 
usua lly die by 2 m onths o f age. Approx im ate ly  
5% líve beyond 1 year.

Tr is o m y  13

The main abnorm alities o f trisom y 13 are in- 
te llectua l dísability, holoprosencephaly, con­
genital heart defects, deafness, c le ft lip and 
palate, and eye defects, such as m icrophtha l- 
mia. anophthalm ia, and colobom a (Fig. 2.11). 
The inc iden te  of th is  abnorm a lity  is app rox i­
m ate ly  1 in 20 ,000  Uve births, and m ore than 
90%  o f the  in fan ts  die in the  f irs t  m onth a fte r 
b irth . A pprox im ate ly  5%  live beyond 1 year. 

K l in e f e l t e r  Sy n d r o m e

The clinical fea tu res o f Klinefelter syndrome, 
found oniy in males and usually detected by 
am niocentesis, are s te rility , tes ticu la r atrophy, 
hyalin ization o f the  sem inife rous tubules, and 
usua lly gynecomastia. The cells have 47 chro- 
m osomes w ith  a sex chrom osom al com ple- 
m ent o f the  XXY type, and a sex chromatin 
[Barr] body is found in 80%  o f cases. (Barr 
body; form ed by condensation o f an inac-

tiva ted  X chrom osom e; a Barr body is aiso 
present in norm al fem ales because one o f the 
X chrom osom es is norm ally inactivated). The 
incidence is approx im ate ly  1 in 500  males. 
N ondisjunction o f the  XX hom ologues is the 
m ost com m on causative event. Occasionally, 
pa tien ts w ith  K line fe lte r syndrom e have 
48  chrom osom es: 44  autosom es and 4 sex 
chrom osom es [48, XXXY], A lthough in te llec- 
tua l d isab ility  is no t genera lly part o f the syn­
drome, the  m ore X chrom osom es there are, 
the  more likely the re  w ill be some degree of 
cogn itive  im pairm ent.

TuRNER Sy n d r o m e

Turner syndrome, w ith  a 45, X karyotype, Is 
the  on iy  m onosom y com patib le w ith  life. Even 
then, 98%  o f all fe tuses w ith  the  syndrom e 
are spontaneously aborted. The few  tha t 
survive are unm istakab ly fem ale in appear- 
ance (Fig. 2.12] and are characterized by the 
absence of ovarles (gonadal dysgenesis) and 
short s tature. O ther com mon associated ab­
norm alities are webbed neck, lym phedem a 
o f the  extrem ities, skeleta l deform ities, and 
a broad chest w ith  w ide ly  spaced nipples. 
A pprox im ate ly  55%  o f a ffected fem ales are

FIGURE 2.11 Child with trisomy 13. Note the bilateral 
cleft lip, the sloping forehead, and anophthalmia.

[continuedj
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FIGURE 2.12 Patient with Turnar syndrome. A. A t birth. Note the loose skin at the posterior of the neck 
caused by the remains of a cystic hygroma (fluid-filled cyst], the short neck, malformed ears, and sweiling 
in the hand (B) and the foot (Cj caused by lymphedema. D. At 6 years of age, the webbed neck is promi- 
nent, and the nipples are widely spaced with a broad chest.

m onosom ic fo r the X and chrom atin body 
negativa because o f nondisjunctíon. In 80%  
o f these females, nondisjunctíon in the 
male gam ete is the  cause. In the  rem ain- 
der o f females, s truc tu ra l abnorm alities o f 
the  X chrom osom e or m ito tic  nondis junction 
resulting in m osaicism  are the causes.

T r ip l e  X  Sy n d r o m e

Patients w ith  triple X  syndrome (47, XXX) 
o ften  go undiagnosed because o f th e ir  mild

physical features. However, these giris fre - 
quently  have problem s w ith  speech and self- 
esteem. They have tw o  sex chrom atin bodies 
in th e ir  cells.

Structural Abnormalities 
Structural chromosome abnormalities, which 
involve one o r m ore chrom osom es, usua lly re- 
su lt from  chrom osom e breakage. It has been 
suggested th a t breaks are caused by envi- 
ronm enta l factors, such as viruses, radiation.



Chapter 2 • Gametogenesis; Conversión o f Germ Cells into Male and Female Gametes

and drugs, bu t the  ev iden te  is inconclusive. 
The resu lt o f breakage depends on w h a t hap- 
pens to  the  broken pieces. In som e cases, the 
broken piece o f a chrom osom e is lost, and the 
in fan t w ith  partia l deletion o f a chrom osom e 
is abnorm al. A we ll-know n syndrom e, caused 
by partia l deletion o f the  short arm  o f chrom o­
som e 5, is the  cri-du-chat syndrome. Affected 
in fan ts  have a ca t-like  cry, m icrocephaly (small 
head], in te llectua l disability, and congeni­
ta l heart disease. Many o ther re la tive ly rare 
syndrom es are known to  resu lt from  a partial 
chrom osom e deletion.

Microdeletions, spanning on iy  a few  con- 
tiguous genes, m ay resu lt in microdeletion 
syndrome or contiguous gene syndrome. 
Sites where these deletions occur, called con­
tiguous gene complexos, are usually identi- 
fied by fluorescence in situ hybridization  
(FISH; see p. 24). An exam ple o f a m icrode­
le tion  occurs on the  long arm  o f chrom osom e 
15 (15qll-15q13 [Note: Chromosom es have 
a long arm, designated “ q,” and a short arm, 
designated “ p," based on the  position o f the 
centrom ere.]). When the  m icrodeletion oc­
curs on the m aterna l chrom osom e, it  results 
in Angelman syndrome, and the  children have 
in te llectua l disability , cannot speak, exh ib it 
poor m oto r developm ent, and are prone to 
unprovoked and prolonged periods o f laughter 
[Fig. 2.13). If the  m icrodeletion occurs on the 
paternal chrom osom e, Prader-W illi syndrome 
results. A ffected individuáis are characterized 
by hypotonia, obesity, in te llectua l d isab il­
ity , hypogonadism, and undescended testes 
[Fig. 2.14). Characteristics th a t are d iffe ren- 
t ia lly  expressed depending upon w he ther the 
genetic m ateria l is inherited from  the  m other 
or the  fa the r are exam ples o f genomic im- 
printing. O ther contiguous gene syndrom es 
m ay be inherited from  e ithe r parent, including 
Miller-Dielter syndrome [lissencephaly, de- 
ve lopm enta l delay, seizures, and cardiac and 
facial abnorm alities resulting from  a deletion 
at 17pl3) and m ost cases o f 2Zq11 syndrome 
[palatal defects, conotruncal heart defects, 
speech delay, learn ing disorders, and schizo- 
phrenia-like disorder resulting from  a deletion 
in 22q11).

Fragüe sites are regions o f chrom osom es 
th a t dem ónstra te  a propensity to  separate or 
break under certa in cell m anipulations. For 
example, fragüe sites can be revealed by cul- 
tu ring  lym phocytes from  a pa tien t in fo la te - 
de fic ien t médium. A lthough num erous fragüe

FIGURE 2.13 Patient with Angelman syndrome 
resulting from a microdeletion on maternal chro­
mosome 15. If the defect is inherited on the pater­
nal chromosome, Prader-Willi syndrome occurs 
(Fig. 2.14).

s ites have been defined and consist o f CGG re- 
peats, oniy those in the FMRI gene on the long 
arm o f the  X chrom osom e (Xq27) have been 
corre lated w ith  an a ltered phenotype th a t is 
called the  fragüe X syndrome. Greater than 
200 repeats occur in the  prom oto r región of 
the  gene in a ffected individuáis com pared to  6 
to  54 repeats in norm al subjects. Fragüe X syn­
drom e is characterized by in te llectua l d isabil­
ity , large ears, p rom inen t jaw , and large testes. 
The syndrom e occurs in 1 per 5 ,000  ind iv idu ­
áis, and because it  is an X-linked condition, 
males are a ffected a lm ost exclusively, which 
m ay account fo r the  preponderance o f males 
am ong the  cogn itive ly  impaired. Fragüe X syn­
drom e is second on iy  to  Down syndrom e as a 
cause o f in te llectua l d isab ility  due to  genetic 
abnorm alities.

Gene Mutations
Many congenita l m alfo rm ations in hum ans are 
inherited, and some show  a clear Mendelian 
patte rn  o f inheritance. Many b irth  defects 

¡continued]
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FIGURE 2.14 Patient with Prader-Willi syndrome 
resulting from a microdeletion on paternal 
chromosome 15. If the defect is inherited on the 
maternal chromosome, Angelman syndrome 
occurs [Fig. 2.13],

are d irectiy  a ttr ib u tab le  to  a change ¡n the 
s truc tu re  or function  o f a single gene, henee 
the  ñame single gene mutation. This type o f 
defect is estim ated to  account fo r approxi- 
m ate ly  8%  o f all hum an m alform ations.

W ith the  exception o f the X and Y chro- 
mosomes in the  male, genes exist as pairs, or 
alíeles, so th a t there are tw o  doses fo r each ge- 
netic determ inant: one from  the m other and one 
from  the father. If a m utan t gene produces an 
abnorm ality in a single dose, despite the pres- 
ence o f a norm al alíele, it  is a dominant m uta­
tion. If both alíeles m ust be abnorm al [double 
dose) or if  the m uta tion is X-linked (occurs on 
the X chromosome) in the male, it  is a recessive 
mutation. Variations in the e ffects o f m utant 
genes may be a result o f modifying factors.

The app lica tion o f m olecu lar biological 
techniques has increased our know ledge o f 
genes responsible fo r norm al developm ent. 
In tu rn , genetic analysis o f hum an syndrom es 
has shown th a t m uta tions in m any o f these

sam e genes are responsible fo r some con­
genital abnorm alities and childhood diseases. 
Thus, the  link between key genes in deve lop­
m ent and th e ir  role in c lin ica l syndrom es is 
becoming clearer.

In add ition  to  causing congenita l m al­
fo rm ations, m uta tions can resu lt in inborn 
errors of metabolism. These diseases, among 
which phenyiketonurla, homocystinuria, and 
galactosemia are the  best known, m ay be 
accom panied by or cause various degrees of 
in te llectua l d isab ility  if  proper d iets and m edi­
cal care are no t institu ted.

Diagnostic Techniques for Identifying 
Genetic Abnormalities
Cytogenetic analysis is used to  assess chro­
mosom e num ber and in tegrity. The tech- 
nique requires dividing cells, which usually 
m eans establishing cell cu ltures th a t are ar- 
rested in m etaphase by chemical trea tm ent. 
Chromosomes are Giemsa-stained to  reveal 
ligh t and dark banding patte rns (G-bands; 
Fig. 2.7) unique fo r each chrom osom e. Each 
band represents 5 to  10 x  10® base pairs o f DNA, 
which m ay include a few  to several hundred 
genes. Recently, high-resolution metaphase 
banding techniques have been developed tha t 
dem ónstrate greater num bers o f bands repre- 
senting even sm aller pieces o f DNA, thereby 
fac ilita ting  diagnosis o f small deletions.

Molecular techniques, such as fluorescent 
in situ hybridization (FISH), use specific DNA 
probes to  iden tify  p loidy fo r a few  selected 
chrom osom es and fo r detecting m icrodele- 
tions. Fluorescent probes are hybrid ized to 
chrom osom es o r genetic loci using cells on a 
slide, and the  results are visualized w ith  a fluo- 
rescence m icroscope (Fig. 2.15).

Microarrays use spots o f specific DNA se- 
quences (probes) attached to  a solid surface, 
usually glass or S ilico n  (A ffym etrix  chips). 
These probes m ay be a short sequence from  
a gene o r  other DNA e le m e n t th a t a re  used to 
hybrid ize a cDNA o r cRNA sam ple (the ta rg e t 
sample). Hybridization o f p ro b e -ta rg e t se- 
quences are detected and quantified  using 
fluorescence or o ther repórte r techniques. 
Results can de tec t single nucleotide po lym or- 
phisms, m uta tions, and changes in expression 
levels. Some com panies now o ffe r such tech ­
niques com m ercia lly fo r anyone who wants 
the ir genome tested or sequenced.

Exorne sequencing represents a new 
approach to  find ing  m utations and poly-
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FIGURE 2.15 A. FISH, using a probe for chromosome 21 [red dots]. Note that there are three red dots in 
each cell, indicating trisomy 21 (Down syndrome], The green dots represent a contro! probe for chromo­
some 13. Two cells are superimposed on the lower right, giving the impression of the presence of múltiple 
probes. B. FISH analysis of 22q11 deletlon syndrome. The green signáis Identlfy chromosome 22; the red 
signal represents FISH probe N25, whlch Is in the q11 región. It is present on oniy one of the pairs of chro­
mosome 22 indicating the other has the 22q11 deletlon.

morphisms (single nuc leotide  changas in a 
DNA sequence) responsib le fo r  b irth  defects  
and diseases. W ith th is  techn ique, on iy  the 
coding regions (exons) in t lie  genom e are 
sequenced. Together, these coding regions 
make up th e  exorne and represent on ly  1% 
o f the  en tire  hum an genome, the reby m aking 
sequencing them  m ore practica l than try ing  
to  sequence all o f the  genome. Because m ost 
genetic  va rian ts  lie w ith in  th e  coding regions 
fo r  p rote ins, th e  techn ique  is an e ffic ie n t w ay 
to  d iscover these d iffe rences. The techn ique 
is aiso supe rio r to  o ide r approaches th a t re- 
lied on linkage stud ies fo llow ed  by positiona l 
c lon ing (searching fo r  cand idate  genes in 
specific  regions o f chrom osom es) because 
these techn iques required large num bers o f

a ffec ted  ind iv iduá is  w ith in  a fa m ily  and were 
no t app licab le  to  s tudy in g  a ffec ted  in d iv idu ­
áis from  d iffe re n t fam ilies. In con tras t, exorne 
sequencing can find  a causa tive  m u ta tion  in a 
s ingle a ffec ted  ind iv idua l if the  exornes from  
both  parents can aiso be sequenced. Even 
sequenc ing -a ffec ted  ind iv iduá is  from  d if­
fe re n t fam ilies regard iess o f kinship can be 
successfu l. It m ust be rem em bered, however, 
th a t exorne sequencing can on ly  id en tify  
va rian ts  in the  coding regions o f genes th a t 
a lte r pro te ins. O ther genetic  causes o f b irth  
defects  th a t lie outs ide  th e  coding región 
w ill have to  be iden tified  by w ho le  genom e 
sequencing, bu t fo r now, th e  expense and 
tim e  required to  conduct these stud ies is 
p roh ib itive .

■  MORPHOLOGICAL CHANCES 
DURING MATURATION OF THE 
GAMETES________________________

Oogénesis
Oogénesis is the process whereby oogonia dif- 
ferentiate into mature oocytes.

Maturation o f Oocytes Begins Before Birth
Once PGCs have arrived in the gonad o f a 
genetic female, they diíferentiate into oogonia 
(Fig. 2.16A.B)- These cells undergo a number 
o f mitotic divisions, and by the end of the third 
month, they are arranged in clusters surrounded 
by a layer o f flat epithelial cells (Figs. 2.17

and 2.18). Whereas all of the oogonia in one clus- 
ter are probably derived from a single cell, the flat 
epithelial cells, known as follicular cells, origí­
nate from surface epithelium covering the ovary.

The majority o f oogonia continué to divide by 
mitosis, but some o f them arrest their cell divi­
sión in prophase of meiosis I and form primary 
oocytes (Figs. 2.16C and 2.17A). During the next 
few months, oogonia increase rapidly in number, 
and by the fifth month of prenatal development, 
the total number of germ cells in the ovary reaches 
its máximum, estimated at 7 million. At this time, 
cell death begins, and many oogonia as well as 
primary oocytes degenerate and become atretíc. 
By the seventh month, the majority o f oogonia
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Oogonium Primary oocyte 
in prophase

FIGURE 2.16 Differentiation of PGCs into oogonia begins shortiy after their arrival in the ovary. By the third 
month of development, some oogonia give rise to primary oocytes that enter prophase of the first meiotic 
división. This prophase may last 40 or more years and finishes oniy when the cell begins its final maturation. 
During this period, it carries 46 double-structured chromosomes.

have degenerated except for a few near the sur- 
face. All surviving primary oocytes have entered 
prophase of meiosis I, and most o f them are in- 
dividually surrounded by a layer o f flat follicular 
epithelial cells (Fig. 2.175). A primary oocyte, to- 
gether with its surrounding flat epithelial cells, is 
known as a primordial foUicle (Fig. 2.18A).

Maturation o f Oocytes Continúes a t 
Puberty
Near the time o f birth, all primary oocytes have 
started prophase of meiosis I, but instead of pro- 
ceeding into metaphase, they enter the diplo- 
tene stage, a resting stage during prophase that 
is characterized by a lacy network o f chromatin

Surface epithelium of ovaty ^ Resting primary oocyte

4th month 7th month

FIGURE 2.17 Segment o f the ovary at different stages o f development. A. Oogonia are grouped in clusters 
in the cortical part of the ovary. Some show/ mitosis; others have differentiated into primary oocytes and 
entered prophase of the first meiotic división. B. Almost all oogonia are transformed into primary oocytes 
in prophase of the first meiotic división. C. There are no oogonia. Each primary oocyte is surrounded by a 
single layer of follicular cells, forming the primordial follicle. Oocytes have entered the diplotene stage of 
prophase, in which they remain until just before ovulation. Oniy then do they enter metaphase of the first 
meiotic división.
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Fiat epithelial 
(follicular) cell

Cuboidal Beginning of 
follicular cell zona pellucida

Zona pellucida

Connective tissue of ovary 

A Primordial Follicle B Growing Follicle C Primary Follicle

FIGURE 2.18 A. Primordial follicle consisting of a primary oocyte surrounded by a layer of flattened epithelial 
cells. B. Early primary or preantral stage follicle recruited from the pool of primordial follicles. As the follicle 
grows, follicular cells become cuboidal and begin to secrete the zona pellucida, which is visible in irregular 
patches on the surface of the oocyte. C. Mature primary (preantral] follicle with follicular cells forming a 
stratified layer of granulosa cells around the oocyte and the presence of a well-defined zona pellucida.

(Fig. 2.17C). Primary oocytes remain arrested 
in prophase and do not finish their first mei- 
otic división before puberty is reached. This ar­
rested State is produced by oocyte m aturation 
inhibitor (OMI), a small peptide secreted by 
follicular cells. The total number of primary oo­
cytes at birth is estimated to vary from 600,000 
to 800,000. During childhood, most oocytes 
become atretic; only approximately 40,000 are 
present by the beginning o f puberty, and fewer 
than 500 will be ovulated. Some oocytes that 
reach maturity late in life have been dormant in 
the diplotene stage o f the first meiotic división 
for 40 years or more before ovulation. Whether 
the diplotene stage is the most suitable phase 
to protect the oocyte against environmental 
influences is unknown. The fact that the risk of 
having children with chromosomal abnormali- 
ties increases with maternal age indicates that 
primary oocytes are vulnerable to damage as 
they age.

At puberty, a pool o f growing follicles is es- 
tablished and continuously maintained from the 
supply o f primordial follicles. Each month, 15 to 
20 follicles selected from this pool begin to ma­
ture. Some o f these die, whereas others begin to 
accumulate fluid in a space called the antnim, 
thereby entering the antral or vesicular stage 
(Fig. 2.19A). Fluid continúes to accumulate such 
that, immediately prior to ovulation, follicles are 
quite swollen and are called mature vesicular

follicles or graafían follicles (Fig. 2.19B). The 
antral stage is the longest, whereas the mature 
vesicular stage encompasses approximately 37 
hours prior to ovulation.

As primordial follicles begin to grow, sur- 
rounding foflicular cells change from flat to 
cuboidal and proliferate to produce a strati­
fied epithelium o f granulosa cells, and the 
unit is called a prim ary follicle (Fig. 2.18B,C). 
Granulosa cells rest on a basement membrane 
separating them from surrounding ovarían 
connective tissue (stromal cells) that form the 
theca folliculi. Also, granulosa cells and the 
oocyte secrete a layer of glycoproteins on the 
surface o f the oocyte, forming the zona pellu­
cida (Fig. 2.18C). As follicles continué to grow, 
cells of the theca folliculi organize into an inner 
layer of secretory cells, the theca interna, and an 
outer fibrous capsule, the theca externa. Also, 
small, finger-like processes o f the follicular cells 
extend across the zona pellucida and interdigi- 
tate with microvilli of the plasma membrane of 
the oocyte. These processes are important for 
transport o f materials from follicular cells to the 
oocyte.

As development continúes, fluid-filled spaces 
appear between granulosa cells. Coalescence of 
these spaces forms the antrum, and the follicle is 
termed a vesicular or an antral follicle. Initially, 
the antrum is crescent-shaped, but with time, it 
enlarges (Fig. 2.19). Granulosa cells surrounding
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Follicular antrum

Theca interna 

Theca externa •

Zona pellucida Cumulus oophorus

FIGURE 2.19 A. Vesicular (antral] stage follicle. The oocyte, surrounded by the zona pellucida, is off center; 
the antrum has developed by fluid accumulation between intercellular spaces. Note the arrangement of cells 
of the theca interna and the theca externa. B. Mature vesicular [graafian) follicle. The antrum has enlarged 
considerably, is filled with follicular fluid, and is surrounded by a stratified layer of granulosa cells. The oocyte 
is embedded in a mound of granulosa cells, the cumulus oophorus.

the oocyte remain intact and form the cumulus 
oophorus. At maturity, the mature vesicular 
(graañan) follicle may be 25 mm or more in 
diameter. It is surrounded by the theca interna, 
which is composed of cells having characteris- 
tics o f steroid secretion, rich in blood vessels, 
and the theca externa, which gradually merges 
with the ovarian connective tissue (Fig. 2.19).

With each ovarian cycle, a number of follicles 
begin to develop, but usually, only one reaches

full maturity. The others degenerate and become 
atretic. When the secondary follicle is mature, a 
surge in luteinizing hormone (LH) induces the 
preovulatory growth phase. Meiosis I is com- 
pleted, resulting in formation o f two daughter 
cells o f unequal size, each with 23 double-struc- 
tured chromosomes (Fig. 2.20A,B). One cell, the 
secondary oocyte, receives most o f the cyto- 
plasm; the other, the first polar body, receives 
practically none. The first polar body Hes

Zona pellucida Granulosa cells
Secondary oocyte 

in división

Primary oocyte in división Secondary oocyte and 
polar body 1

Polar body in división

FIGURE 2.20 Maturation o f the oocyte. A. Primary oocyte showing the spindie of the first meiotic división.
B. Secondary oocyte and first polar body. The nuclear membrane is absent. C. Secondary oocyte shov^ing 
the spindie of the second meiotic división. The first polar body is aiso dividing.
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between the zona pellucida and the cell mem- 
brane of the secondary oocyte in the periviteUine 
space (Fig. 2.20B). The cell then enters meiosis II 
but arrests in metaphase approximately 3 hours 
before ovulation. Meiosis II is completed only if 
the oocyte is fertilized; otherwise, the cell degen- 
erates approximately 24 hours after ovulation. 
The first polar body may undergo a second divi­
sión (Fig. 2.20C).

Spermatogenesis
Maturation ofSperm  Begins a t Puberty
Spermatogenesis, which begins at puberty, in- 
cludes all o f the events by which spermatogo- 
nia are transformed into spermatozoa. At birth, 
germ cells in the male infant can be recognized 
in the sex cords o f the testis as large, palé cells 
surrounded by supporting cells (Fig. 2.21A). 
Supporting cells, which are derived from the 
surface epithelium o f the testis in the same man- 
ner as follicular cells, become sustentacular 
cells, or Sertoli cells (Fig. 2.2 IB).

Shortly before puberty, the sex cords acquire 
a lumen and become the seminiferous tubules.

At about the same time, PGCs give rise to sper- 
matogonial stem cells. At regular intervals, cells 
emerge from this stem cell population to form 
type A spermatogonia, and their production 
marks the initiation o f spermatogenesis. Type A 
cells undergo a limited number o f mitotic divi- 
sions to form clones of cells. The last cell divi­
sión produces type B spermatogonia, which 
then divide to form primary spermatocytes 
(Figs. 2.215 and 2.22). Primary spermatocytes 
then enter a prolonged prophase (22 days) fol- 
lowed by rapid completion o f meiosis I and for- 
mation of secondary spermatocytes. During the 
second meiotic división, these cells immediately 
begin to form haploid spermatids (Figs. 2.2 IB  
to 2.23). Throughout this series o f events, from 
the time type A cells leave the stem cell popu­
lation to formation of spermatids, cytokinesis 
is incomplete, so that successive cell genera- 
tions are joined by cytoplasmic bridges. Thus, 
the progeny o f a single type A spermatogo- 
nium form a clone o f germ cells that maintain 
contact throughout diíferentiation (Fig. 2.22). 
Furthermore, spermatogonia and spermatids

Spermatozoon

Basement membrane Spermatogonia

Spermatogonial
división

FIGURE 2.21 A. Cross section through primitiva sex cords of a nev^born boy shov^ing PGCs and their 
supporting Sertoli cells. B. Cross section through a seminiferous tubule a t puberty. Note the different stages 
of spermatogenesis and that developing sperm cells are embedded in the cytoplasmic processes of a 
supporting Sertoli cell.
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oooo Residual bodies
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FIGURE 2.22 Type A spermatogonia, derived from the spermatogonial stem cell population, represent 
the firs t cells in the process of spermatogenesis. Clones of cells are established, and cytoplasmic bridges 
joln cells in each succeeding división until individual sperm are separated from residual bodies. In fact, the 
number of individual interconnected cells is considerably greater than depicted in this figure.
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FIGURE 2.23 The producís of meiosis during spermatogenesis in humans.

remain embedded in deep recesses o f Sertoli 
cells throughout their development (Fig. 2.2 IB). 
In this manner, Sertoli cells support and protect 
the germ cells, particípate in their nutrition, and 
assist in the release of mature spermatozoa.

Spermatogenesis is regulated by LH produc- 
tion by the pituitary gland. LH binds to receptors 
on Leydig cells and stimulates testosterone pro- 
duction, which in turn binds to Sertoh cells to 
promote spermatogenesis. Follicle-stimulating 
hormone (FSH) is also essential because its 
binding to Sertoli cells stimulates testicular fluid 
production and synthesis o f intracellular andro- 
gen receptor proteins.

Spermiogenesis
The series o f changes resulting in the trans- 
formation o f spermatids into spermatozoa is 
spermiogenesis. These changes include (1)

formation o f the acrosome, which covers half 
o f the nuclear surface and contains enzymes 
to assist in penetration o f the egg and its sur- 
rounding layers during fertilization (Fig. 2.24); 
(2) condensation o f the nucleus; (3) formation 
o f neck, middle piece, and tail; and (4) shedding 
o f most o f the cytoplasm as residual bodies that 
are phagocytized by Sertoli cells. In humans, the 
time required for a spermatogonium to develop 
into a mature spermatozoon is approximately 
74 days, and approximately 300 million sperm 
cells are produced daily.

W hen fully formed, spermatozoa enter the 
lumen o f seminiferous tubules. From there, 
they are pushed toward the epididymis by 
contractile elements in the wall o f the seminif­
erous tubules. Although initially only shghtly 
motile, spermatozoa obtain full motility in the 
epididymis.

covered by 
the acrosome

FIGURE 2.24 Important stages in transformation of tlie  liuman spermatid into the spermatozoon.
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Clinical Correlatas

Abnormal Gametes
In humans and in m ost mamtnals, one ovarían 
follic le occasionally contains tw o  or three dearly  
distinguishable prim ary oocytes (Fig. 2.Z5A]. 
A lthough these oocytes may give rise to  tw ins or 
trip lets, they usually degenerate before reach- 
ing m aturity. In rare cases, one prim ary oocyte 
contains tw o  or even three nudei (Fig. Z.25B]. 
Such binucleated or trinucleated oocytes die 
before reaching m aturity.

In co n tra s t to  atyp ica l oocytes, abnorm al 
sperm atozoa are seen freq uen tly , and up 
to  10% o f all sperm atozoa have observab le 
defects. The head o r the  ta il m ay be abn o r­
mal, sperm atozoa m ay be g ian ts  o r dw arfs, 
and som etim es, they  are jo ined  (Fig. 2.25C]. 
Sperm w ith  m orpho log ic  abnorm a lities lack 
norm al m o tility  and p robab ly  do no t fe rtilize  
oocytes.

Primordial follicle with 
two oocytes

Trinucleated oocyte

V f . f  1

FIGURE 2.25 Abnormal germ cells. A. Primordial follicle with two oocytes. B. Trinucleated oocyte.
C. Various types of abnormal spermatozoa.

S U M M A R Y
Primordial germ cells (PGCs) are derived from 
the epiblast during gastrulation and mígrate to 
the wall o f the yolk sac in the fourth week and 
then to the indiíferent gonad (Fig. 2.1), where 
they arrive at the end of the fifth week. In prepa- 
ration for fertilization, both male and female 
germ cells undergo gametogenesis, which in- 
cludes meiosis and cytodiíferentiation. During 
meiosis I, homologous chromosomes pair and 
exchange genetic material; during meiosis II, 
cells fail to replícate DNA, and each cell is thus 
províded with a haploid number o f chromo­
somes and half the amount o f DNA of a nor­
mal somatic cell (Fig. 2.4). Henee, mature male 
and female gametes have 22 plus X  or 22 plus Y 
chromosomes, respectively.

Birth defects may arise through abnormali­
ties in chromosome number or structure and 
from single gene mutations. Approximately 
10% of major birth defects are a result o f chro­
mosome abnormalities, and 8% are a result of 
gene mutations. Trisomies (an extra chromo­
some) and monosomies (loss o f a chromosome)

arise during mitosis or meiosis. During meiosis, 
homologous chromosomes normally pair and 
then separate. If separation fails (nondisjimc- 
tion), however, one cell receives too many chro­
mosomes, and one receives too few (Fig. 2.6). 
The incidence o f abnormalities o f chromosome 
number increases with age o f the mother, par- 
ticularly with mothers aged 35 years and older. 
Structural abnormalities of chromosomes 
include large deletions (cri-du-chat syndrome) 
and microdeletions. Microdeletions involve 
contiguous genes that may result in defects such 
as Angelman syndrome (maternal deletion, 
chromosome 1 5 q ll-1 5 q l3 )  or Prader-Willi 
syndrome (paternal deletion, 1 5 q ll-1 5 q l3 ). 
Because these syndromes depend on whether 
the affected genetic material is inherited from the 
mother or the father, they are also an example of 
imprinting. Gene mutations may be dominant 
(only one gene of an allelic pair has to be affected 
to produce an alteration) or recessive (both 
allelic gene pairs must be mutated). Mutations 
responsible for many birth defects affect genes 
involved in normal embryological development.
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Diagnostic techniques for identifying genetic 

abnormalities include cytogenetics to test for 
chromosome numbers (ploidy) and for high- 
resolutíon metaphase banding techniques 
to test for small deletions. Fluorescent in situ 
hybrídization (FISH) uses fluorescent DNA 
probes to identify specific chromosomes or re- 
gions o f chromosomes to determine deletions, 
translocations and ploidy. Microarrays employ 
small sequences o f DNA on chips as probes to 
detect mutations and changes in expression 
levels o f specific genes. Exome sequencíng se­
quences the protein coding región of DNA (1% 
of the total DNA; the exome) to identify muta­
tions and polymorphisms responsible for birth 
defects and diseases. The technique is accurate, 
timely, and cost-effective compared to sequenc- 
ing the entire genome.

In the female, maturation from primitive germ 
cell to mature gamete, which is called oogén­
esis, begins before birth; in the male, it is caUed 
spermatogenesis, and it begins at puberty. In 
the female, PGCs form oogonia. After repeated 
mitotic divisions, some o f these arrest in pro- 
phase o f meiosis I to form primary oocytes. By 
the seventh month, many oogonia have become 
atretic, and only primary oocytes remain sur- 
rounded by a layer o f follicular cells derived from 
the surface epithelium of the ovary (Fig. 2.17). 
Together, they form the primordial follicle. At 
puberty, a pool of growing follicles is recruited 
and maintained from the finite supply of pri­
mordial follicles. Thus, every month, 15 to 20 fol­
licles begin to grow, and as they mature, they pass 
through three stages: (1) primary or preantral.

(2) vesicular or antral, and (3) mature vesicular 
or graañan follicle. The primary oocyte remains 
in prophase o f the first meiotic división until the 
secondary follicle is mature. At this point, a surge 
in luteinizing hormone (LH) stimulates preovu- 
latory growth: Meiosis I is completed, and sec­
ondary oocyte and polar body are formed. Then, 
the secondary oocyte is arrested in metaphase of 
meiosis II approximately 3 hours before ovula- 
tion and will not complete this cell división until 
fertilization.

In the male, primordial cells remain dormant 
until puberty, and only then do they diíferenti- 
ate into spermatogonia. These stem cells give 
rise to prim ary spermatocytes, which through 
two successive meiotic divisions produce four 
spermatids (Fig. 2.5). Spermatids go through a 
series of changes (spermiogenesis) (Fig. 2.24), 
including (1) formation o f the acrosome; (2) 
condensation o f the nucleus; (3) formation of 
neck, middle piece, and taü; and (4) shedding of 
most of the cytoplasm. The time required for a 
spermatogonium to become a mature sperma- 
tozoon is approximately 74 days.

js s s m m m -
1. What is the most common cause o f abnormal 

chromosome number? Give an example of a 
clinical syndrome involving abnormal num­
bers o f chromosomes.

2. In addition to numerical abnormalities, what 
types o f chromosomal alterations occur?

3. What is mosaicism, and how does it occur?
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First Week of Development: 
Ovulation to Implantation

OVARIAN CYCLE

At puberty, the female begins to undergo regu­
lar monthly cycles. These sexual q^cles are 
controUed by the hypothalamus. Gonadotropin- 
releasing hormone (GnRH), produced by 
the hypothalamus, acts on cells o f the anterior 
lobe (adenohypophysis) o f the pituitary gland, 
which in turn secrete gonadotropins. These 
hormones, foUicle-stimulating hormone (FSH) 
and luteinizing hormone (LH), stimulate and 
control cyclic changes in the ovary.

At the beginning o f each ovarian cycle, 15 
to 20 primary-stage (preantral) foUicles are 
stimulated to grow under the influence of 
FSH. (The hormone is not necessary to pro­
mote development o f primordial follicles to 
the primary follicle stage, but without it, these 
primary follicles die and become atretic.) Thus, 
FSH rescues 15 to 20 o f these cells from a pool 
o f continuously forming primary follicles (Figs. 
3.1 and 3.2). Under normal conditions, only 
one o f these follicles reaches full maturity, and 
only one oocyte is discharged; the others de- 
generate and become atretic. In the next cycle, 
another group o f primary follicles is recruited, 
and again, only one follicle reaches maturity. 
Consequently, most follicles degenerate with­
out ever reaching full maturity. W hen a follicle 
becomes atretic, the oocyte and surrounding 
follicular cells degenerate and are replaced by 
connective tissue, forming a corpus atreticum. 
FSH also stimulates maturation o f follicular 
(granulosa) cells surrounding the oocyte. In 
turn, proliferation o f these cells is mediated 
by growth differentiation factor 9, a member 
o f the transforming growth factor-(3 (TGF-[3) 
family. In cooperation, theca interna and gran­
ulosa cells produce estrogens: Theca interna 
cells produce androstenedione and testoster- 
one, and granular cells convert these hormones

to estrone and 17 P-estradiol. As a result o f this 
estrogen production:

■ The uterine endometrium enters the follicular 
or proliferative phase.

■ Thinning o f the cervical mucus occurs to 
allow passage o f sperm.

■ The anterior lobe o f the pituitary gland is 
stimulated to secrete LH.

At midcycle, there is an LH surge that:

■ Flevates concentrations o f maturation- 
promoting factor, causing oocytes to com­
plete meiosis I and initiate meiosis II

■ Stimulates production o f progesterone by 
follicular stromal cells (luteinization)

■ Causes follicular rupture and ovulation

Ovulation
In the days immediately preceding ovulation, 
under the influence o f FSH and LH, the vesicu­
lar follicle grows rapidly to a diameter o f 25 mm 
to become a mature vesicular (graafian) fol­
licle. Coincident with final development o f the 
vesicular follicle, there is an abrupt increase in 
LH that causes the primary oocyte to complete 
meiosis I and the follicle to enter the preovula- 
tory mature vesicular stage. Meiosis II is also 
initiated, but the oocyte is arrested in metaphase 
approximately 3 hours before ovulation. In the 
meantime, the surface o f the ovary begins to 
bulge locally, and at the apex, an avascular spot, 
the stigma, appears. The high concentration 
of LH increases collagenase activity, resulting 
in digestión o f collagen fibers surrounding the 
follicle. Prostaglandin levels also increase in re- 
sponse to the LH surge and cause local muscular 
contractions in the ovarian wall. Those contrac- 
tions extrude the oocyte, which together with its 
surrounding granulosa cells from the región of 
the cumulus oophorus breaks free (ovulation)

O
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Primary oocyte Granulosa Zona pellucida

Growing follicle Vesicular follicle

FIGURE 3.2 A. Primordial follicle. B. Growing follicle. C. Vesicular follicle. Every day from the pool of primor­
dial follicles (A), some begin to  develop into growing follicles (B), and this growth is independent of FSH. 
Then, as the cycle progresses, FSH secretion recruits growing follicles to begin development into vesicular 
(antral) follicles (Cj. During the last few days of maturation of vesicular follicles, estrogens, produced by 
follicular and thecal cells, stimulate increased production of LH by the pituitary gland [Fig. 3.1], and this hor- 
mone causes the follicle to  enter the mature vesicular [graafian) stage, to complete meiosis I, and to enter 
meiosis II, where it is arrested in metaphase approximately 3 hours before ovulation.

and floats out o f the ovary (Fig. 3.3). Some of the 
cumulus oophorus cells then rearrange them- 
selves around the zona pellucida to form the 
corona radiata (Figs. 3.25 to 3.6).

Corpus Luteum
After ovulation, granulosa cells remaining in 
the wall of the ruptured follicle, together with 
cells from the theca interna, are vascularized 
by surrounding vessels. Under the influence of

Clinical Correlatas

Ovulation
During ovu la tion , som e wom en feel a s ligh t 
pain, called m itteischm erz [Germán fo r 
“ m iddie pa in”), because it  no rm a lly  occurs 
near th e  m iddie o f the  m enstrua l cycle. 
O vu la tion  is aiso genera lly  accom panied 
by a rise in basal tem perature, w hich can 
be m on ito red  to  aid coup les in becom ing 
p regna n t or preven ting  pregnancy. Some 
wom en fa il to  ovu la te  because o f a low  
conce n tra tion  o f gonadotrop ins. In these 
cases, adm in is tra tio n  o f an age n t to  s tim u ­
la te gon ado trop in  release, and henee o vu la ­
tion , can be em ployed. A lthough  such drugs 
are e ffec tive , th e y  o ften  produce m ú ltip le  
ovu la tions, so th a t th e  líke lihood o f m ú l­
tip le  pregnancies is 10 tim es h igher in these 
wom en than  in th e  genera l popu la tion .

LH, these cells develop a yellowish pigment and 
change into lutein cells, which form the corpus 
luteum and secrete estrogens and progesterone 
(Fig. 3.3C). Progesterone, together with some 
estrogen, causes the uterine mucosa to enter the 
progestational or secretory stage in prepara- 
tion for implantation o f the embryo.

Oocyte Transport
Shortly before ovulation, fimbriae o f the uterine 
tube sweep over the surface o f the ovary, and the 
tube itself begins to contract rhythmically. It is 
thought that the oocyte, surrounded by some 
granulosa cells (Figs. 3 3 B  and 3.4), is carried 
into the tube by these sweeping movements of 
the fimbriae and by motion o f cilia on the epi- 
thelial lining. Once in the tube, cumulus cells 
withdraw their cytoplasmic processes from the 
zona pellucida and lose contact with the oocyte.

Once the oocyte is in the uterine tube, it is 
propelled by peristaltic muscular contractions of 
the tube and by cilia in the tubal mucosa with 
the rate o f transport regulated by the endocrine 
status during and after ovulation. In humans, 
the fertilized oocyte reaches the uterine lumen 
in approximately 3 to 4 days.

Corpus Albicans
If  fertilization does not occur, the corpus luteum 
reaches máximum development approximately 
9 days after ovulation. It can easily be recognized 
as a yellowish projection on the surface of the 
ovary. Subsequently, the corpus luteum shrinks
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Granulosa cells Luteal cells

A Mature vesicular follicle B Ovulation C Corpus luteum

FIGURE 3.3 A. Mature vesicular follicle bulging at the ovarían surface. B. Ovulation. The oocyte, in meta- 
phase of meiosis II, is discharged from the ovary together with a large number of cumulus oophorus cells. 
Follicular cells remaining inside the collapsed follicle differentiate into lutein cells. C. Corpus luteum. Note 
the large size of the corpus luteum, caused by hypertrophy and accumulation of lipid in granulosa and theca 
interna cells. The remaining cavity of the follicle is filled with fibrin.

because o f degeneration of lutein cells (luteoly- 
sis) and forms a mass of fibrotic scar tissue, the 
Corpus albicans. Simultaneously, progesterone 
production decreases, precipitating menstrual 
bleeding. If  the oocyte is fertilized, degeneration 
of the corpus luteum is prevented by human 
chorionic gonadotropin, a hormone secreted 
by the syncytiotrophoblast of the developing em- 
bryo. The corpus luteum continúes to grow and 
forms the corpus luteum o f pregnancy (corpus

luteum graviditatis). By the end of the third 
month, this structure may be one third to one half 
o f the total size o f the ovary. Yellowish luteal cells 
continué to secrete progesterone until the end of 
the fourth month; thereafter, they regress slowly 
as secretion of progesterone by the trophoblastic 
component o f the placenta becomes adequate 
for maintenance o f pregnancy. Removal o f the 
corpus luteum of pregnancy before the fourth 
month usually leads to abortion.

FIGURE 3.4 Relation of fimbriae and ovary. Fimbriae collect the oocyte and sweep it into the uterine tube.
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PHASE 1 
Penetration o f the 

corona radiata

Corona radiata cells

Acrosome, 

Sperm nucleus

PHASE 2 
Penetration of the 

zona pellucida

Inner acrosomal 
membrane dissolves

Secondary oocyte in 
2nd meiotic división

PHASE 3 
Fusión of the sperm  and 
oocyte cell m embranes

FIGURE 3.5 A. Scanning electrón micrograph of sperm binding to the zona pellucida. B. The three phases of 
oocyte penetration. In phase 1, spermatozoa pass through the corona radiata barrier; in phase 2, one or more 
spermatozoa penetrate the zona pellucida; and in phase 3, one spermatozoon penetrates the oocyte mem­
brane while losing its own plasma membrane. Inset shows normal spermatocyte with acrosomal head cap.
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Perivitelline space

Male pronucleus

Spindie Fetnale pronucleus
2nd maturation división

Polar bodies Centrosome

FIGURE 3.6 A. Oocyte immediately after ovulation, showing the spindie of the second meiotic división. B. A 
spermatozoon has penetrated the oocyte, which has finished its second meiotic división. Chromosomes of 
the oocyte are arranged in a vesicular nucleus, the female pronucleus. Heads of several sperm are stuck in 
the zona pellucida. C. Male and female pronuclei. D,E. Chromosomes become arranged on the spindie, spiit 
longitudinally, and move to  opposite poles. F. Two-cell stage.

FERTILIZATION

Fertilization, the process by which male and 
female gametes fuse, occurs in the ampuUary 
región o f the uterine tube. This is the wid- 
est part of the tube and is cióse to the ovary 
(Fig. 3.4). Spermatozoa may remain viable in the 
female reproductive tract for several days.

Only 1% o f sperm deposited in the vagina 
enter the cervix, where they may sundve for 
many hours. Movement o f sperm from the cer­
vix to the uterine tube occurs by muscular con- 
tractions of the uterus and uterine tube and very 
little by their own propulsión. The trip from cer­
vix to oviduct can occur as rapidly as 30 minutes 
or as slov  ̂as 6 days. After reaching the isthmus, 
sperm become less motile and cease their migra- 
tion. At ovulation, sperm again become motile, 
perhaps because o f chemoattractants produced 
by cumulus cells surrounding the egg, and swim 
to the ampulla, where fertilization usually oc­
curs. Spermatozoa are not able to fertilize the 
oocyte immediately upon arrival in the female 
genital tract but must undergo (1) capacitatíon 
and (2) the acrosome reaction to acquire this 
capability.

Capacitatíon is a period of conditioning in the 
female reproductive tract that in the human lasts 
approximately 7 hours. Thus, speeding to the am­
pulla is not an advantage because capacitatíon has 
not yet occurred and such sperm are not capable 
o f fertüizing the egg. Much of this conditioning 
during capacitation occurs in the uterine tube and 
involves epithelial interactions between the sperm 
and the mucosal surface of the tube. During this 
time, a glycoprotein coat and seminal plasma pro- 
teins are removed from the plasma membrane that 
overlies the acrosomal región of the spermatozoa. 
Only capacitated sperm can pass through the 
corona ceUs and undergo the acrosome reaction.

The acrosome reaction, which occurs after 
binding to the zona pellucida, is induced by 
zona proteins. This reaction culminates in the 
release o f enzymes needed to penetrate the zona 
pellucida, including acrosin- and trypsin-like 
substances (Fig. 3.5).

The phases of fertílization include the foUowing:

■ Phase 1, penetration o f the corona radiata
■ Phase 2, penetration o f the zona pellucida
■ Phase 3, fusión o f the oocyte and sperm cell

membranes
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Phase 1: Penetratíon of the 
Corona Radiata
O f the 200 to 300 million spermatozoa normally 
depositad in the female genital tract, only 300 
to 500 reach the site of fertilization. Only one of 
these fertilizes the egg. It is thought that the others 
aid the fertilizing sperm in penetrating the bar- 
riers protecting the female gamete. Capacitated 
sperm pass freely through corona cells (Fig. 3.5).

Phase 2: Penetratíon of the Zona Pellucida
The zona is a glycoprotein shell surrounding the 
egg that facilitates and maintains sperm binding 
and induces the acrosome reaction. Both bind­
ing and the acrosome reaction are mediated by 
the ligand ZP3, a zona protein. Release o f acro- 
somal enzymes (acrosin) allows sperm to pen- 
etrate the zona, thereby coming in contact with 
the plasma membrane of the oocyte (Fig. 3.5). 
Permeability o f the zona pellucida changes when 
the head o f the sperm comes in contact with the 
oocyte surface. This contact results in release of 
lysosomal enzymes from cortical granules lin- 
ing the plasma membrane of the oocyte. In turn, 
these enzymes alter properties o f the zona pel­
lucida (zona reaction) to prevent sperm pen- 
etration and inactivate species-specific receptor 
sites for spermatozoa on the zona surface. Other 
spermatozoa have been found embedded in the 
zona pellucida, but only one seems to be able to 
penetrate the oocyte (Fig. 3.6).

Phase 3: Fusión of the Oocyte and Sperm 
Cell Membranes
The initial adhesión of sperm to the oocyte is 
mediated in part by the interaction o f integrins 
on the oocyte and their ligands, disintegrins, on

sperm. After adhesión, the plasma membranes 
o f the sperm and egg fuse (Fig. 3.5). Because the 
plasma membrane covering the acrosomal head 
cap disappears during the acrosome reaction, ac­
tual fusión is accomplished between the oocyte 
membrane and the membrane that covers the 
posterior región of the sperm head (Fig. 3.5). In 
the human, both the head and the tail of the sper- 
matozoon enter the cytoplasm of the oocyte, but 
the plasma membrane is left behind on the oocyte 
surface. As soon as the spermatozoon has entered 
the oocyte, the egg responds in three ways:

1. Cortical and zona reactions. As a result 
o f the release o f cortical oocyte granules, 
which contain lysosomal enzymes, (1) the 
oocyte membrane becomes impenetrable 
to other spermatozoa, and (2) the zona pel­
lucida alters its structure and composition 
to prevent sperm binding and penetration. 
These reactions prevent polyspermy (pen­
etration o f more than one spermatozoon 
into the oocyte).

2. Resumption of the second meiotic divi­
sión. The oocyte finishes its second meiotic 
división immediately after entry o f the sper­
matozoon. One o f the daughter cells, which 
receives hardly any cytoplasm, is known as 
the second polar body; the other daughter 
cell is the definitive oocyte. Its chromo- 
somes (22 plus X) arrange themselves in
a vesicular nucleus known as the female 
pronucleus (Figs. 3.6 and 3.7).

3. Metabolic activation of the egg. The 
activating factor is probably carried by the 
spermatozoon. Activation encompasses the 
initial cellular and molecular events associ- 
ated with early embryogenesis.

fT- i

FIGURE 3.7 A. Phase contrast view of the pronuclear stage of a fertilized human oocyte with male and 
female pronuclei. B. Two-cell stage of human zygote.
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The spermatozoon, meanwhile, moves for- 
ward until it lies cióse to the female pronucleus. 
Its nucleus becomes swollen and forms the 
male pronucleus (Fig. 3.6); the tail detaches 
and degenerates. Morphologically, the male 
and female pronuclei are indistinguishable, 
and eventually, they come into cióse contact 
and lose their nuclear envelopes (Fig. 3.7A). 
During growth o f male and female pronuclei 
(both haploid), each pronucleus must rep­
lícate its DNA. I f  it does not, each cell o f the 
two-cell zygote has only half o f the normal

amount o f DNA. Immediately after DNA syn- 
thesis, chromosomes organize on the spindle in 
preparation for a normal mitotic división. The
23 maternal and 23 paternal (double) chromo­
somes split longitudinally at the centromere, 
and sister chromatids move to opposite poles, 
providing each cell o f the zygote with the nor­
mal diploid number o f chromosomes and DNA 
(Fig. 3.6D,E). As sister chromatids move to op­
posite poles, a deep furrow appears on the sur- 
face o f the cell, gradually dividing the cytoplasm 
into two parts (Figs. 3.6F  and 3.75).

Clinical Correlates

Contraceptive Methods 

Barrier m ethods o f contraception  in dude  the 
male condom, m ade o f lá tex and o ften con- 
ta in ing  chem ical sperm icides, wh ich f its  over 
the  penis, and the  fem ale condom, made of 
poiyurethane, wh ich lines the vagina. Other 
barriers placed in the vagina include the  dia- 
phragm, the  cervical cap, and the  contracep­
tive  sponge.

Hormonal methods are ano ther com m only 
used form  o f contraception. These approaches 
provide the fem ale horm ones estrogen and / 
or progestin . These horm ones produce the ir 
e ffects  by inh ib iting  ovulation (by preventing 
the  release o f FSH and LH from  the  p itu ita ry  
gland), changing the  lin ing o f the uterus, and 
th icken ing cervical mucus, m aking it  d iff icu lt 
fo r sperm  to  enter the  uterus. Hormonal con­
tracep tion  can be provided through  b irth  con­
tro l pills, a skin patch, vaginal ring, in jection, or 
im plant. There are tw o  types o f contraceptive 
pills: The f irs t  is a com bination  o f estrogen and 
the  progesterone analogue progestin ; the  sec- 
ond is com posed o f p rogestin  alone. Both pills 
are effective , bu t one m ay su it som e wom en 
be tte r than others fo r various hea lth -re la ted 
issues.

A male “pill” has been developed and 
tested in clinical triá is. It conta ins a synthetic  
androgen th a t prevents both LH and FSH se- 
cretion and e ithe r stops sperm  production 
[70% to  90%  o f m en] o r reduces it  to  a level 
o f in fe rtility .

The intrauterine device [lUD] is a small 
T-shaped un it and there  are tw o  types: hor­
m onal and copper. The horm onal device re- 
leases progestin  th a t causes th icken ing of

cervical m ucus to  prevent sperm  from  enter- 
ing the  uterus. AIso, it  m ay make sperm  less 
active and both eggs and sperm  less viable. 
The copper type  releases copper in to  the 
uterus th a t prevents fe rtiliza tio n  o r inh ib its  a t- 
tachm ent o f the  fertilized egg to  the  uterine 
wall. It aiso helps prevent sperm  from  entering 
the  u terine tubes.

Emergency contraceptive pills (ECPs) are 
used as b irth  contro l m easures th a t m ay pre­
ven t pregnancy if  taken 120 hours a fte r sexual 
in tercourse. These pills m ay be adm inistered 
as high doses o f progestin  alone o r in com ­
bination w ith  estrogen [Plan B). O ther types 
o f ECPs [m ifep ris tone [RU-486] and uliprista l 
acetate [Ella]] ac t as antihorm onal agents. 
AIso, m ifepris tone is e ffective  as an abo rtifa - 
cient if  taken a fte r the  tim e o f im plantation.

Sterilization is ano ther fo rm  o f b irth  con­
tro l. The m ethod fo r men is a vasectom y, 
w h ich prevents the release o f sperm  by block- 
ing the  ductus deferens, the  tube th a t trans- 
ports  sperm  from  the  testes to  the  penis. The 
steriliza tion  m ethod fo r wom en is tuba l s te ril­
iza tion in wh ich the u terine tubes are blocked 
or ligated. These procedures fo r both men and 
w om en can be reversed in som e cases.

Infertility
In fertility  is a probiem  fo r 15% to  30%  of 
couples. Male in fe rtility  m ay be a resu lt o f in- 
s u ffid e n t num bers o f sperm  a n d /o r poor mo- 
t ility . Norm ally, the  e jaculate has a vo lum e of
2 to  6 mL, w ith  as m any as 100 m illion sperm  
per m illilite r. Men w ith  20 m illion sperm  per 
m illilite r o r 50 m illion sperm  per to ta l e jaculate

[continued]
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are usually fe rtile . In fe rtility  in a wom an m ay 
be due to  a num ber o f causes, including oc- 
cluded u terine tubes (m ost com m only caused 
by pelvic in flam m atory disease), hostile  cerv i­
cal mucus, im m un ity  to  sperm atozoa, absence 
o f ovulation, and others.

Clomiphene citrate  (Clomid) is a drug used 
to  increase FSH concentra tions to  stim ula te  
ovulation. The drug is given early in the m en­
strua l cycle to  cause ovulation in wom en who 
do no t ovu la te  or who ovu la te  irregulariy. AIso, 
it  is given to  s tim u la te  egg deve lopm ent fo r 
use in in v itro  fe rtiliza tio n  procedures.

One percent to  2%  o f all pregnancies 
in the  United States occur using assisted 
reproductive technology (ARTj. Offspring 
from  these conceptions show  increases in 
p rem a tu rity  (<37  weeks’ gestatlon), low  birth  
w e igh t (< 2 ,500  g], very low  b irth  w e igh t 
(<1,500g], and som e types o f b irth  defects. 
M ost o f these adverse outcom es are caused 
by increased rates o f m últip le  b irths (tw ins, 
trip le ts , etc.), which occur m ore com m only 
among ART pregnancies. Recent studies in ­
dícate, however, th a t even am ong singleton 
b irths a fte r ART, there are increases in preterm  
b irth  and m alform ed in fants. Some o f the ap- 
proaches used fo r ART include the  fo llow ing.

In vitro  fertilization [IVF] o f human ova 
and em bryo tran s fe r is the  standard procedure 
used by laboratories th ro ughou t the  worid. 
Follicle g row th  in the ovary is s tim u la ted  by 
adm in is tra tion  o f gonadotrop ins. Oocytes are 
recovered by laparoscopy from  ovarían fo l- 
licles w ith  an asp ira to r ju s t before ovulation 
when the  oocyte is In the  la te stages o f the 
f irs t m eiotic división. The egg is placed In a 
sim ple cu ltu re  médium, and sperm  are added 
im m edia tely. A lte rna tive ly , a single sperm  
can be in jected in to  an egg ’s cytoplasm  to  
produce fe rtiliza tion . This technique Is called

intracytoplasmic sperm injection (ICSI] and
can be used to  c ircum vent male in fe rtility  
(see fo llow ing  discussion]. W ith e ithe r ap- 
proach, fe rtilized eggs are m onitored to  the 
e ight-ce ll stage and then placed in the  uterus 
to  develop to  term .

The success rate o f IVF depends upon m a­
ternal age. A pprox im ate ly  30%  o f couples w ill 
conceive a fte r one a tte m p t if  the  wom an is 
younger than 35 years o f age. The rate drops 
to  25%  fo r wom en aged 35 to  37, 17% fo r 
those aged 38 to  40, and to  < 5 %  fo r those 
over 40. In add ition  to  these re la tive ly  low 
success rates, the  techn ique Is aiso associated 
w ith  a higher rate o f b irth  defects. To increase 
chances o f a successful pregnancy, fou r or 
five ova are collected, fe rtilized , and placed in 
the  uterus. This approach som etim es leads to 
m últip le  births.

The frequency o f m últip le  b irths depends 
on m aterna l age (w ith a higher incidence in 
younger women) and the  num ber o f em bryos 
transferred. For a 20 - to  29-year-o ld  woman 
and three em bryos transferred, the  risk is 
46% . M últip le b irths are a disadvantage be- 
cause they have high rates o f m orb id ity  and 
m orta ilty .

Severe male infertility, In which the 
e jaculate contains very few  live sperm  
(oligozoospermiaj or even no live sperm  
(azoospermia), can be overcom e using ICSI. 
W ith th is  technique, a single sperm, which 
m ay be obtained from  any po in t in the male 
reproductive  trac t, is in jected in to  the  cy to ­
plasm  o f the  egg to  cause fe rtiliza tion . This ap ­
proach o ffe rs  couples an a lte rnative  to  using 
donor sperm  fo r IVF. The technique carries an 
increased risk fo r fe tuses to  have Y chrom o- 
som e deletions and appears to  be associated 
w ith  a higher incidence o f b irth  defects than 
standard IVF techniques.

The main results of fertilization are as follows:

I Restoratíon of the diploid number of chro- 
mosomes, half from the father and half from 
the mother. Henee, the zygote contains a new 
combination of chromosomes diíferent from 
both parents.

I Determinatíon of the sex o f the new indi­
vidual. An X-carrying sperm produces a fe- 
male (XX) embryo, and a Y-carrying sperm 
produces a male (XY) embryo. Therefore,

the chromosomal sex of the embryo is deter- 
mined at fertilization.

■ Initiation of cleavage. Without fertilization, 
the oocyte usually degenerates 24 hours after 
ovulation.

■  CLEAVAGE_______________________

Once the zygote has reached the two-cell stage, 
it undergoes a series o f mitotic divisions, in- 
creasing the numbers o f cells. These cells, which
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Two-cell stage Four-cell stage Mórula

FIGURE 3.8 Deveiopment of the zygote from the two-cell stage to the late mórula stage. The two-cell 
stage is reached approximately 30 hours after fertilization; the four-cell stage is reached at approximately 
40 hours: the 12- to 16-cell stage is reached at approximately 3 days; and the late mórula stage is reached 
at approximately 4 days. During this period, blastomeres are surrounded by the zona pellucida, which disap- 
pears at the end of the fourth day.

become smaller with each cleavage división, 
are known as blastomeres (Fig. 3.8). Until the 
eight-cell stage, they form a loosely arranged 
clump (Fig. 3.9A). After the third cleavage, how- 
ever, blastomeres maximize their contact with 
each other, forming a compact ball of cells held 
together by tight junctions (Fig. 3.95). This pro- 
cess, compaction, segregates inner cells, which 
communicate extensively by gap junctions, from 
outer cells. Approximately 3 days after fertiliza­
tion, cells o f the compacted embryo divide again 
to form a 16-cell m om ia (mulberry). Inner cells 
o f the mórula constitute the inner ceii mass, and 
surrounding cells compose the outer ceii mass. 
The inner cell mass gives rise to tissues of the 
embryo proper, and the outer cell mass forms 
the trophobiast, which later contributes to the 
placenta.

■  BLASTOCYST FORMATION________

About the time the mórula enters the uterine 
cavity, fluid begins to penetrate through the 
zona pellucida into the intercellular spaces of 
the inner cell mass. Gradually, the intercellular 
spaces become confluent, and finally, a single 
cavity, the biastoceie, forms (Fig. 3.10A,B). At 
this time, the embryo is a biastocyst. Cells o f the 
inner cell mass, now called the embryoblast, are 
at one pole, and those of the outer cell mass, or 
trophobiast, flatten and form the epithelial wall 
o f the biastocyst (Fig. 3.10A,B). The zona pellu­
cida has disappeared, allowing implantation to 
begin. In the human, trophoblastic cells over the 
embryoblast pole begin to penetrate between the 
epithelial cells o f the uterine mucosa on about 
the sixth day (Fig. 3.10C). New studies suggest

FIGURE 3.9 Scanning electrón micrographs of (A) uncompacted and (B) compacted eight-cell mouse 
embryos. In the uncompacted State, outlines of each blastomere are distinct, whereas after compaction, 
cell-cell contacts are maximized, and cellular outlines are indistinct.
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Inner cell mass Uterino epithelium Uterine síroma

FIGURE 3.10 A. Section of a 107-cell human blastocyst showing inner cell mass and trophoblast cells. 
B. Schematic representaron of a human blastocyst recovered from the uterine cavity a t approximately 
4.5 days. Blue, inner cell mass or embryoblast; green, trophoblast. C. Schematic representaron of a blas­
tocyst at the sixth day of development showing trophoblast cells at the embryonic pole of the blastocyst 
penetrating the uterine mucosa. The human blastocyst begins to penetrate the uterine mucosa by the sixth 
day of development.

that L-selectin on trophoblast cells and its car- 
bohydrate receptors on the uterine epithelium 
medíate initial attachment o f the blastocyst to 
the uterus. Selectins are carbohydrate-binding 
proteins involved in interactions between leu- 
kocytes and endothelial cells that allow leuko- 
cyte “capture” from flowing blood. A similar 
mechanism is now proposed for “capture” o f the 
blastocyst from the uterine cavity by the uterine 
epithelium. Following capture by selectins, fur- 
ther attachment and invasión by the trophoblast 
involve integrins, expressed by the trophoblast

and the extracellular matrix molecules laminin 
and fibronectin. Integrin receptors for laminin 
promote attachment, whereas those for fibro­
nectin stimulate migration. These molecules 
also interact along signal transduction pathways 
to regúlate trophoblast diíFerentiation, so that 
implantation is the result o f mutual trophoblas- 
tic and endometrial action. Henee, by the end of 
the first week o f development, the human zygote 
has passed through the mórula and blastocyst 
stages and has begun implantation in the uter­
ine mucosa.
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Clinical Correlates

Embryonic Stem Cells
Embryonic stem cells (ES cells) are de-
rived from  the  inner cell mass o f the  embryo. 
Because these cells are pluripotent and can 
fo rm  v irtua lly  any cell or tissue type, they have 
the  potentia l fo r curing a varie ty  o f diseases, 
including diabetes, A lzheim er and Parkinson 
diseases, anemias, spinal cord injuries, and 
m any others. Using animal model research w ith  
stem  cells has been encouraging. For example, 
mouse ES cells in cu ltu re  have been induced to 
fo rm  insulin-secreting cells, muscle and nerve 
stem  cells, and glial cells. In whole animals, ES 
cells have been used to  alleviate the  sym ptom s 
of Parkinson disease and to  im prove m otor 
ab ility  in rats w ith  spinal cord injuries.

ES cells may be obtained from  em bryos 
a fte r IVF, a process called reproductive clon- 
ing. This approach has the disadvantage th a t 
the cells may cause imm une rejection because 
they would no t be genetically identical to  the ir 
hosts. The cells could be modified to  circum vent 
th is  probiem, however. Another issue w ith  th is  
approach is based on ethical considerations, as 
the cells are derived from  viable embryos.

As the  fie id o f stem  cell research pro- 
gresses, scientific  advances w ill provide m ore 
genetica lly com patib le cells, and the  ap- 
proaches w ill be less controversial. M ost re- 
cently, techniques have been devised to  take 
nuclei from  adu lt cells (e.g., skin) and in troduce 
them  in to  enucleated oocytes. This approach 
is called therapeutic cloning or somatic nu­
clear transfer. Oocytes are s tim ula ted to  d if- 
fe re n tia te  in to  blastocysts, and ES cells are 
harvested. Because the  cells are derived from  
the  host, they are com patib le genetically, and 
because fe rtiliza tio n  is no t involved, the  tech- 
nique is less controversial.

Adult Stem Cells
A dult tissues contain stem cells th a t may aiso 
prove valuable in trea ting diseases. These cells 
are restricted in the ir ability  to  form  diffe rent cell 
types and, therefore, are multípotent, not plu- 
ripotent, although scientists are finding m eth- 
ods to  circum vent th is  disadvantage. Adult stem 
cells isolated from  rat brains have been used 
to  cure Parkinson disease in rats, suggesting 
tha t the approach has promise. Disadvantages 
of the approach include the slow rates of cell 
división characteristic o f these cells and their 
scarcity, which makes them  d ifficu lt to  isolate in 
su ffic ien t numbers fo r experiments.

Abnormal Zygotes
The exact num ber o f abnormal zygotes 
form ed is unknown because they are usually 
lost w ith in  2 to  3 weeks o f fe rtiliza tion , before 
the  woman realizes she is pregnant, and the re ­
fore are no t detected. Estimates are th a t as 
m any as 5 0 %  of pregnancies end in sponta- 
neous abortion and th a t half o f these losses 
are a result o f chrom osom al abnorm alities. 
These abortions are a natural means o f screen- 
ing embryos fo r defects, reducing the  incidence 
of congenital m alform ations. W ithou t th is  phe- 
nomenon, approxim ate ly 12% instead o f 2%  to  
3%  o f in fants would have birth  defects.

W ith the  use o f a com bination  o f IVF and 
polymerase chain reaction, m olecu lar screen- 
ing o f em bryos fo r genetic defects is being 
conducted. Single b lastom eres from  early- 
stage em bryos can be removed, and th e ir  DNA 
can be am plified fo r analysis. As the  Human 
Genome Project provides m ore sequencing In­
fo rm ation , and as specific genes are linked to  
various syndrom es, such procedures w ill be- 
come m ore com monplace.

■  UTERUSAT TIME OF IMPLANTATION

The wall o f the uterus consists of three layers:

1. Endom etrium  or mucosa lining the inside 
wall

2. Myometrium, a thick layer of smooth 
muscle

3. Perim etrium , the peritoneal covering 
lining the outside wall (Fig. 3.11)

From puberty (11 to 13 years) until meno- 
pause (45 to 50 years), the endometrium 
undergoes changes in a cycle o f approximately 
28 days under hormonal control by the ovarles. 
During this menstrual cycle, the uterine endo­
metrium passes through three stages:

1. Follicular or proliferative phase
2. Secretory or progestational phase
3. M enstrual phase (Figs. 3.12 and 3.13)
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12-24 hours

Fimbria
Endometrium (progestational stage)

FIGURE 3.11 Events during the first week of human development. 7, oocyte immediately after ovulation;
2, fertilization, approximately 12 to  24 hours after ovulation; 3, stage of the male and female pronuclei;
4, spindie of the first m itotic división; 5, two-cell stage (approximately 30 hours of age]; 6, mórula containing 
12 to 16 blastomeres (approximately 3 days of age]; 7, advanced mórula stage reaching the uterine lumen 
(approximately 4 days of age); 8, early blastocyst stage (approximately 4.5 days of age; the zona pellucida 
has disappeared]; 9, early phase of implantation (blastocyst approximately 6 days of age). The ovary shows 
stages of transformation between a primary follicle and a preovulatory follicle as well as a corpus luteum. 
The uterine endometrium is shown in the progestational stage.

The proliferative phase begins at the end o f the 
menstrual phase, is under the influence of estro- 
gen, and parallels growth o f the ovarían foUides. 
The secretory phase begins approximately 2 to 3 
days after ovulation in response to progesterone 
produced by the corpus luteum. I f  fertilization 
does not occur, shedding o f the endometrium

(compact and spongy layers) marks the begin- 
ning o f the menstrual phase. If  fertilization does 
occur, the endometrium assists in implantation 
and contributes to formation o f the placenta. 
Later in gestation, the placenta assumes the role 
o f hormone production, and the corpus luteum 
degenerates.

Maturation of follicle Ovulation Corpus luteum Corpus luteum 
of pregnancy

Implanted embryo

O 4
Menstrual phase

Implantation begins 

Compact layer 

Spongy layer

N

14
Follicular or 

proliferative phase
Progestational or 
secretory phase

Gravid phase

FIGURE 3.12 Changes in the uterine mucosa correlated v^ith those in the ovary. Implantation of the blastocyst 
has caused development of a large corpus luteum of pregnancy. Secretory activity of the endometrium in- 
creases gradually as a result of large amounts of progesterone produced by the corpus luteum of pregnancy.
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FIGURE 3.13 Changes in the uterine mucosa [endometrium] and corresponding changes in the ovary during 
a regular menstrual cycle w ithout fertilization.

At the time o f implantation, the mucosa of 
the uterus is in the secretory phase (Fig. 3.12), 
during which time uterine glands and arter- 
ies become coiled and the tissue becomes suc- 
culent. As a result, three distinct layers can be 
recognized in the endometrium: a superficial 
compact layer, an intermedíate spongy layer, 
and a thin basal layer (Fig. 3.12). Normally, the 
human blastocyst implants in the endometrium 
along the anterior or posterior wall o f the body 
of the uterus, where it becomes embedded be- 
tween the openings o f the glands (Fig. 3.12).

If  the oocyte is not fertilized, venules and sinu­
soidal spaces gradually become packed with blood 
cells, and an extensive diapedesis o f blood into the 
tissue is seen. When the menstrual phase begins, 
blood escapes from superficial arteries, and small 
pieces o f stroma and glands break away. During 
the foUowing 3 or 4 days, the compact and spongy 
layers are expelled from the uterus, and the basal 
layer is the only part o f the endometrium that is

retained (Fig. 3.13). This layer, which is supplied 
by its own arteries, the basal arteries, fiinctions as 
the regenerative layer in the rebuilding o f glands 
and arteries in the proliferative phase (Fig. 3.13).

S U M M A R Y
With each ovarían cycle, a number o f primary 
follicles begin to grow, but usually only one 
reaches full maturity, and only one oocyte is dis- 
charged at ovulation. At ovulation, the oocyte is 
in metaphase of the second meiotic división and 
is surrounded by the zona pellucida and some 
granulosa cells (Fig. 3.4). Sweeping action oftubal 
fimbriae carries the oocyte into the uterine tube.

Before spermatozoa can fertilize the oocyte, 
they must undergo:

1. Capacitation, during which time 
a glycoprotein coat and seminal 
plasma proteins are removed from the 
spermatozoon head
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2. The acrosome reaction, during which 
acrosin- and trypsin-like substances are 
released to penetrate the zona pellucida

During fertilization, the spermatozoon must 
penetrate:

1. The corona radiata
2. The zona pellucida
3. The oocyte cell membrana (Fig. 3.5)

As soon as the spermatocyte has entered the 
oocyte:

1. The oocyte finishes its second meiotic divi­
sión and forms the female pronucleus.

2. The zona pellucida becomes impenetrable 
to other spermatozoa.

3. The head o f the sperm separates from the 
tail, swells, and forms the male pronucleus 
(Figs. 3.6 and 3.7).

After both pronuclei have rephcated their 
DNA, paternal and maternal chromosomes in- 
termingle, split longitudinally, and go through a 
mitotic división, giving rise to the two-cell stage. 
The results of fertilization are the following:

1. Restoration of the diploid number of 
chromosomes

2. Determination of chromosomal sex
3. Initiation of cleavage

Infertility is a problem for 15% to 30% of 
couples and can be overcome using assisted 
reproductiva technology (ART). In vitro fer­
tilization (IVF) involves fertilizing eggs in a 
culture médium and placing them in the uterus 
at the eight-cell stage. In some cases, eggs are 
fertilized by intracytoplasmic sperm injection 
(IC SI), whereby a single sperm is injected into 
an egg’s cytoplasm. These in vitro techniques 
are associated with an increased risk for birth

defects, prematurity, low birth weight, and múl­
tiple births. Approximately 1% to 2% of all live 
births in the United States occur through ART.

Cleavage is a series of mitotic divisions that 
results in an increase in cells, blastomeres, which 
become smaller with each división. After three 
divisions, blastomeres undergo compaction to 
become a tighdy grouped ball of cells with inner 
and outer layers. Compacted blastomeres divide 
to form a 16-cell mórula. As the mórula enters the 
uterus on the third or fourth day after fertilization, 
a cavity begins to appear, and the blastocyst forms. 
The inner cell mass, which is formed at the time 
o f compaction and will develop into the embryo 
proper, is at one pole of the blastocyst. The outer 
cell mass, which surrounds the inner cells and the 
blastocyst cavity, will form the trophoblast.

The uterus at the time o f implantation is in 
the secretory phase, and the blastocyst implants 
in the endometrium along the anterior or 
posterior wall (Fig. 3.12). I f  fertilization does 
not occur, then the menstrual phase begins, and 
the spongy and compact endometrial layers are 
shed. The basal layer remains to regenerate the 
other layers during the next cycle (Fig. 3.13).

Problems to Solve
1. W hat is the role o f the corpus luteum, and 

what is its origin?
2. W hat are the three phases o f fertilization, 

and what reactions occur once fusión o f the 
sperm and oocyte membranes takes place?

3. W hat are the primary causes o f infertility in 
men and women?
A woman has had several bouts of pelvic 
inflammatory disease and now wants to 
have children; however, she has been having 
diííiculty becoming pregnant. What is likely to 
be the problem, and what would you suggest?

4.



CHAPTE R

Second Week of Development: -  
Bilaminar Germ Disc W

his chapter gives a day-by-day account 
o f the major events o f the second week 
o f development; however, embryos of 

the same fertilization age do not necessarily de- 
velop at the same rate. Indeed, considerable dif- 
ferences in rate o f growth have been found even 
at these early stages o f development.

■  DAY8___________________________

At the eighth day of development, the blasto- 
cyst is partially embedded in the endometrial 
stroma. In the area over the embryoblast, the 
trophoblast has differentiated into two layers:
(1) an inner layer o f mononucleated cells, the 
cytotrophoblast, and (2) an outer multinucle- 
ated zone without distinct cell boundaries, the 
syncytiotrophoblast (Figs. 4.1 and 4.2). Mitotic 
figures are found in the cytotrophoblast but 
not in the syncytiotrophoblast. Thus, ceUs in

the cytotrophoblast divide and migrate into the 
syncytiotrophoblast, where they fuse and lose 
their individual cell membranes.

Cells o f the inner cell mass or embryoblast 
also differentiate into two layers: (1) a layer 
o f small cuboidal cells adjacent to the blasto- 
cyst cavity, known as the hypoblast layer, and 
(2) a layer of high columnar cells adjacent to 
the amniotic cavity, the epiblast layer (Figs. 4.1 
and 4.2).

Together, the layers form a flat disc. At the 
same time, a small cavity appears within the epi­
blast. This cavity enlarges to become the amniotic 
cavity. Epiblast cells adjacent to the cytotropho­
blast are called amnioblasts; together with the 
rest o f the epiblast, they line the amniotic cavity 
(Figs. 4.1 and 4.3). The endometrial stroma ad­
jacent to the implantation site is edematous and 
highly vascular. The large, tortuous glands secrete 
abundant glycogen and mucus.

Endometrial stroma

Surface 
spithelium^

Amnioblasts

----- Syncytio-
•  trophoblast

^Cytotrophoblast
Fniblast / \  'Blastocyst cavity Epiblast I Hypoblast

Amniotic cavity

FIGURE 4.1 A 7.5-day human blastocyst, partially embedded in the endometrial stroma. The trophoblast 
consists of an inner layer with mononuclear cells, the cytotrophoblast, and an outer layer w ithout distinct 
cell boundaries, the syncytiotrophoblast. The embryoblast is formed by the epiblast and hypoblast layers. 
The amniotic cavity appears as a small cleft.
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FIGURE 4.2 Section of a 7.5-day human blastocyst (xlOOj. Note the multinucleated appearance of the 
syncytiotrophoblast, large cells of the cytotrophoblast, and slit-like amniotic cavity.

Epiblast

DAY9

The blastocyst is more deeply embedded in the 
endometrium, and the penetration defect in the 
surface epithehum is closed by a fibrin coagulum 
(Fig. 4.3). The trophoblast shows considerable

progress in development, particularly at the 
embryonic pole, where vacuoles appear in the 
syncytium. When these vacuoles fiise, they form 
large lacunae, and this phase of trophoblast 
development is thus known as the lacunar stage 
(Fig. 4.3).

Trophoblastic lacunae Enlarged blood vesseis

Hypoblast

Exocoelomic (Heuser)
Exocoelomic cavity V . . . . membrane
(primitiveyoiksac) Fibrin coagulum

FIGURE 4.3 A 9-day human blastocyst. The syncytiotrophoblast shows a large number of lacunae. Fiat cells 
form the exocoelomic membrane. The bllamlnar dlsc consists of a layer of columnar epiblast cells and a layer 
of cuboidal hypoblast cells. The original surface defect is closed by a fibrin coagulum.
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At the abembryonic pole, meanwhile, flat- 

tened cells probably originating from the hypo- 
blast form a thin membrane, the exocoelomic 
(Heuser) membrane that lines the inner surface 
o f the cytotrophoblast (Fig. 4.3). This membrane, 
together with the hypoblast, forms the hning of 
the exocoelomic cavity, or primitive yolk sac.

■  DAYS11AND12__________________

By the l l th  to the 12th day of development, the 
blastocyst is completely embedded in the endo- 
metrial stroma, and the surface epithelium aknost 
entirely covers the original defect in the uterine 
wall (Figs. 4.4 and 4.5). The blastocyst now pro­
duces a slight protrusion into the lumen of the 
uterus. The trophoblast is characterized by lacunar 
spaces in the syncytium that form an intercom- 
municating network. This network is particularly 
evident at the embryonic pole; at the abembryonic 
pole, the trophoblast stiU consists mainly of cyto- 
trophoblastic cells (Figs. 4.4 and 4.5).

Concurrently, cells o f the syncytiotropho- 
blast penetrate deeper into the stroma and erode

the endothelial lining o f the maternal capillar- 
ies. These capillaries, which are congested and 
dilated, are known as sinusoids. The syncytial 
lacunae become continuous with the sinusoids, 
and maternal blood enters the lacunar system 
(Fig. 4.4). As the trophoblast continúes to erode 
more and more sinusoids, maternal blood be- 
gins to flow through the trophoblastic system, 
establishing the uteroplacental circulation.

In the meantime, a new population of 
cells appears between the inner surface of the 
cytotrophoblast and the outer surface o f the 
exocoelomic cavity. These cells, derived from 
yolk sac cells, form a fine, loose connective tis- 
sue, the extraembryonic mesoderm, which 
eventually filis all of the space between the tro­
phoblast externally and the amnion and exo­
coelomic membrane internally (Figs. 4.4 and
4.5). Soon, large cavities develop in the extra­
embryonic mesoderm, and when these become 
confluent, they form a new space known as the 
extraembryonic cavity, or chorionic cavity 
(Fig. 4.4). This space surrounds the primitive 
yolk sac and amniotic cavity, except where the

Trophoblastic lacunae Maternal sinusoids

Exocoelomic cavity 
(primitive yolk sac)

Extraembryonic 
somatic mesoderm

FIGURE 4.4  Human blastocyst of approximately 12 days. The trophoblastic lacunae a t the embryonic pole 
are in open connection v/ith maternal sinusoids in the endometrial stroma. Extraembryonic mesoderm pro- 
liferates and filis the space between the exocoelomic membrane and the inner aspect of the trophoblast.
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Primitive yolk sac Extraembryonic mesoderm 

FIGURE 4.5 Fully implanted 12-day human blastocyst (xlOOj. Note maternal blood cells in the iacunae, the 
exocoelomic membrane lining the primitive yolk sac, and the hypoblast and epiblast.

germ disc is connected to the trophoblast by 
the connecting stalk (Fig. 4.6). The extraem­
bryonic mesoderm hning the cytotrophoblast 
and amnion is called the extraembryonic so- 
m atic mesoderm; the lining covering the yolk 
sac is known as the extraembryonic splanchnic 
mesoderm (Fig. 4.4).

Growth o f the bilaminar disc is relatively 
slow compared with that o f the trophoblast; 
consequently, the disc remains very small (0.1 
to 0.2 mm). Cells o f the endometrium, mean- 
while, become polyhedral and loaded with gly- 
cogen and lipids; intercellular spaces are filled 
with extravasate, and the tissue is edematous. 
These changes, known as the decidua reaction, 
at first are confined to the area immediately sur- 
rounding the implantation site but soon occur 
throughout the endometrium.

■  DAY13__________________________

By the 13th day o f development, the surface 
defect in the endometrium has usually healed. 
Occasionally, however, bleeding occurs at the 
implantation site as a result o f increased blood 
flow into the lacunar spaces. Because this bleed­
ing occurs near the 28th day o f the menstrual 
cycle, it may be confused with normal menstrual 
bleeding and, therefore, may cause inaccuracy in 
determining the expected delivery date.

The trophoblast is characterized by villous 
structures. Cells of the cytotrophoblast proliferate 
locally and penetrate into the syncytiotrophoblast, 
forming cellular columns surrounded by syncy- 
tium. Cellular columns with the syncytial cover­
ing are known as primary villi (Figs. 4.6 and 4.7) 
(see Chapter 5, p. 67).

In the meantime, the hypoblast produces 
additional cells that migrate along the inside 
o f the exocoelomic membrane (Fig. 4.4). These 
cells proliferate and gradually form a new cavity 
within the exocoelomic cavity. This new cavity 
is known as the secondary yolk sac or defini- 
tive yoUc sac (Figs. 4.6 and 4.7). This yolk sac 
is much smaller than the original exocoelomic 
cavity, or primitive yolk sac. During its forma- 
tion, large portions of the exocoelomic cavity 
are pinched off. These portions are represented 
by exocoelomic cysts, which are often found in 
the extraembryonic coelom or chorionic cavity 
(Figs. 4.6).

Meanwhile, the extraembryonic coelom ex- 
pands and forms a large cavity, the chorionic 
cavity. The extraembryonic mesoderm lining 
the inside o f the cytotrophoblast is then known 
as the chorionic píate. The only place where ex­
traembryonic mesoderm traverses the chorionic 
cavity is in the connecting staUc (Fig. 4.6). With 
development o f blood vessels, the stalk becomes 
the umbilical cord.
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Orophatyngeal Primary 
membrane villi

Trophoblastic
lacunae

FIGURE 4.6 A 13-day human blastocyst. Trophoblastic lacunae are present at the embryonic as well as the 
abembryonic pole, and the uteroplacental circulation has begun. Note the primary villi and the extraembryonic 
coelom or chorionic cavity. The secondary yolk sac is entirely lined with endoderm.

Primary villi Amnionic cavity Chorionic cavity

Epiblast Yolk sac

FIGURE 4.7 Section through the implantation site of a 13-day embryo. Note the amniotic cavity, yolk sac, 
and chorionic cavity. Most of the lacunae are filled with blood.
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Clinical Correlates

Abnormal Implantation
The syncytio trophoblast is responsible fo r hor- 
mone production (see Chapter 8, p. 117), includ- 
ing human choríonic gonadotropin (hCG). By
the end o f the second week, quantities o f th is  
horm one are su ffic ien t to  be detectad by ra- 
dioimmunoassays, which serve as the basis for 
pregnancy testing.

Because 50%  o f the  im planting  em bryo ’s 
genom e is derived from  the  fa ther, it  is a for- 
eign body th a t po ten tia lly  should be rejected 
by the  m aternal system , s im ila r to  rejection 
o f a transp lan ted organ. A pregnant w om an’s 
im m une system  needs to  change in order fo r 
her to  to le ra te  the  pregnancy. How th is  oc- 
curs is no t well understood, bu t it  appears 
th a t a sh ift from  ce ll-m ed iated im m un ity  to  
hum oral (an tibody-m ediated ] im m unity  oc- 
curs and th a t th is  sh ift p ro tects  the em bryo 
from  rejection. However, the im m une sys­
tem  a lte ra tions place pregnant wom en a t 
increased risk fo r  certa in in fections, such as 
in fluenza, wh ich explains the  increased risk 
o f death from  these in fections in pregnant

women. In add ition, m anifesta tions o f auto im - 
m une disease m ay change during pregnancy. 
For exam ple, m últip le  sclerosis and rheum a- 
to id  arth ritis , p rim arily  ce ll-m ed iated condi- 
tions, show  im provem ent during pregnancy, 
whereas wom en w ith  system ic lupus e rythe- 
m atosus (a p redom inantly  antibody-m edia ted 
im m une disorder] are m ore severely affected 
when pregnant.

Abnorm al im p lanta tion  sites som etim es 
occur even w ith in  the  uterus. Norm ally, the 
hum an b lastocyst im plants along the  an te ­
rio r or posterior wall o f the  body o f the  uterus. 
Occasionally, the  b lastocyst im plants cióse to 
the  in ternal os (opening] (Fig. 4.8] o f the  cer- 
vix, so th a t la ter in developm ent, the  placenta 
bridges the  opening (placenta previa] and 
causes severe, even life -th rea ten ing  bleeding 
in the  second part o f pregnancy and during 
delivery.

Occasionally, im p lanta tion  takes place 
outside the  uterus, resulting in an extra- 
uterine pregnancy, or ectopic pregnancy.
Ectopic pregnandes m ay occur a t any place

intestinal loop

Body of 
uterus'

Mesentery

Uterine tube

Ampulla

FIGURE 4.8 Abnormal implantation sites of the blastocyst. 1, implantation in the abdominal cavity (1.4%; 
the ovum most frequently implants in the rectouterine cavity [pouch of Douglas; Fig. 4.10] but may im- 
plant at any place covered by peritoneum]; 2. implantation in the ampullary región of the tube [80%];
3, tubal implantation (12%); 4, interstitial implantation [0.2%; e.g., in the narrow portion of the uterine 
tube]; 5, implantation in the región o f the internal os, frequently resulting in placenta previa [0.2%]; and 
6, ovarían implantation [0.2%].
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FIGURE 4.9 Tubal pregnancy. Embt70 is approximately 2 months oíd and is about to  escape through a 
rupture in the tubal wall.

in the  abdom inal cavity, ovary, or uterine 
tube (Fig. 4.8]. N ine ty-five  percent o f ectopic 
pregnancies occur in the  u terine tube, how - 
ever, and m ost o f these are in the  am pulla 
(80% : Fig. 4.9]. In the  abdom inal cavity, the

b lastocyst m ost frequen tly  a ttaches itse lf 
to  the  peritoneal lin ing o f the  rectouterine  
cavity, or pouch of Douglas [Fig. 4.10]. The 
b lastocyst m ay aiso a ttach itse lf to  the peri­
toneal covering o f the  in testina l tra c t or to

FIGURE 4.10 Midline sectlon of bladder, uterus, and rectum shows an abdominal pregnancy In the 
rectouterine [Douglas] pouch.

[continued]
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the  om entum . Sometimes, the b lastocyst de- 
velops in the  ovary proper, causing a primary 
ovarían pregnancy. Ectopic pregnancies occur 
in 2%  o f all pregnancies and account fo r 9%  of 
all p regnancy-re lated deaths fo r the  m other. 
In m ost ectopic pregnancies, the  em bryo dies 
about the  second m onth o f gesta tion  and m ay 
resu lt in severe hem orrhaging in the  m other.

Abnorm al b lastocysts are com m on. For ex- 
ample, in a series o f 26 im planted blastocysts 
varying in age from  7.5 to  17 days recovered 
from  pa tien ts  of norm al fe rtility , 9 [34.6%] 
were abnorm al. Some consisted o f syncy- 
tium  oniy; o thers showed varying degrees of 
trophob las tic  hypoplasia. In two, the  em bryo- 
blast was absent, and in some, the  germ  disc 
showed an abnorm al orien tation.

It is likely th a t m ost abnorm al b las to ­
cysts w ould no t have produced any sign o f 
p regnancy because th e ir  trophob las t was so 
in fe rio r th a t the  corpus lu teum  could no t have 
persisted. These em bryos probab ly would 
have been aborted w ith  the  next m enstrual 
flo w  and, therefore, pregnancy w ould not 
have been detected. In some cases, however, 
the  trop hob las t develops and fo rm s placental 
m em branes, a lthough litt ie  o r no em bryonic 
tissue is present. Such a cond ition  is known 
as a hydatidiform  mole. Moles secrete high 
leveis o f hCG and m ay produce benign or 
m a lignant (invasive mole, choriocarcinoma] 
tum ors.

Genetic analysis o f hyda tid ifo rm  moles in- 
d icates th a t a lthough male and fem ale pro- 
nuclei m ay be genetica lly equiva lent, they 
m ay be d iffe ren t functiona lly . This evidence 
is derived from  the  fa c t th a t a lthough cells o f 
m oles are diploid, th e ir  en tire  genom e is pa­
ternal. Thus, m ost moles arise from  fe rtiliza - 
tion  o f an oocyte lacking a nucleus followed

by dup lica tion o f the  male chrom osom es to 
restore the  diploid number. These results aiso 
suggest th a t paternal genes regúlate m ost of 
the  deve lopm ent o f the  trophob las t because 
in moles th is  tissue d iffe ren tia tes even in the 
absence o f a fem ale pronucleus.

O ther exam ples o f functiona l differences in 
m aterna l and paternal genes are provided by 
the  observation th a t certa in genetic diseases 
depend on w he ther the  defective o r missing 
gene is inherited from  the  fa the r or the  m other. 
For example, a m icrodeletion on chrom osom e 
15 inherited from  a fa the r causes Prader-W illi 
syndrom e (a cond ition characterized by hypo- 
tonia , in te llectua l disability , hypogonadism, 
and obesity), whereas inheriting  the  sam e de- 
le tion  from  the  m other causes Angelm an syn­
drom e (a cond ition  characterized by seizures, 
litt ie  to  no speech, paroxysm s o f laughter, and 
severe in te llectual d isability ]. This phenom e- 
non, in wh ich there is d iffe rentia l m odifica tion 
an d /o r expression o f hom ologous alíeles or 
chrom osom e regions depending on the  parent 
from  whom  the genetic m aterial is derived, is 
known as genomic imprinting. Less than 1% 
o f human genes are believed to  be im printed 
(see Chapter 2, p. 23).

P re im plantation and postim planta tion  re- 
p roductive fa ilu re  occurs often. Even in some 
fe rtile  wom en under optim al cond itions fo r 
pregnancy, 15% o f oocytes are no t fertilized, 
and 10% to  15% s ta rt cleavage bu t fa il to  im- 
plant. Of the  70%  to  75% th a t im plant, oniy 
58%  survive until the  second week, and 16% 
o f those are abnorm al. Henee, when the  firs t 
expected m enstrua tion  is missed, oniy 42%  of 
the  eggs exposed to  sperm  are surviving. Of 
th is  percentage, a num ber w ill be aborted dur- 
ing subsequent weeks, and a num ber w ill be 
abnorm al at the  tim e o f b irth.

S U M M A R Y
At the beginning of the second week, the blas­
tocyst is partially embedded in the endometrial 
stroma. The trophoblast differentiates inte
(1) an inner, actively proliferating layer, the 
cytotrophoblast; and (2) an cúter layer, the 
syncytiotrophoblast, which erodes maternal 
tissues (Fig. 4.1). By day 9, lacunae develop in 
the syncytiotrophoblast. Subsequently, maternal 
sinusoids are eroded by the syncytiotrophoblast, 
maternal blood enters the ¡acunar network, 
and by the end o f the second week, a primitive

uteroplacental círculatíon begins (Fig. 4.6). 
The cytotrophoblast, meanwhile, forms cellular 
columns penetrating into and surrounded by 
the syncytium. These columns are primary villi. 
By the end of the second week, the blastocyst is 
completely embedded, and the surface defect in 
the mucosa has healed (Fig. 4.6).

The inner cell mass or embryoblast, mean­
while, differentiates into (1) the epiblast and
(2) the hypoblast, together forming a bílaminar 
disc (Fig. 4.6). Epiblast cells give rise to amnio- 
blasts that line the amniotic cavity superior to
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the epiblast layer. Hypoblast cells are continuous 
with the exocoelomic membrane, and together 
they surround the primitive yolk sac (Fig. 4.4). 
By the end o f the second week, extraembryonic 
mesoderm filis the space between the tropho- 
blast and the amnion and exocoelomic mem­
brane internally. W hen vacuoles develop in this 
tissue, the extraembryonic coelom or chorionic 
cavity forms (Fig. 4.6). Extraembryonic meso­
derm lining the cytotrophoblast and amnion is 
extraembryonic somatic mesoderm; the hn- 
ing surrounding the yolk sac is extraembryonic 
splanchnic mesoderm (Fig. 4.6).

The second week o f development is known as 
the week of 2’s:

1. The trophoblast diíFerentiates into 2 layers: 
the cytotrophoblast and syncytiotrophoblast

2. The embryoblast forms 2 layers: the epiblast 
and hypoblast

3. The extraembryonic mesoderm splits into 
2 layers: the somatic and splanchnic layers

4. Two cavities form: the amniotic and yolk 
sac cavities

Impiantation occurs at the end of the first 
week. Trophoblast cells invade the epithelium 
and underlying endometrial stroma with the

help o f proteolytic enzymes. Impiantation 
may also occur outside the uterus, such as 
in the rectouterine pouch, on the mesentery, 
in the uterine tube, or in the ovary (ectopic 
pregnancies).

1. The second week o f development is known as 
the week o f 2’s. Formation o f what structures 
supports this statement?

2. During impiantation, the trophoblast is in- 
vading maternal tissues, and because it con- 
tains approximately 50% paternal genes, it is 
a foreign body. Why is the conceptus not re- 
jected by an immunologic response from the 
mother’s system?

3. A woman who believes she is pregnant 
complains o f edema and vaginal bleeding. 
Examination reveáis high plasma hCG con- 
centrations and placental tissue but no evi- 
dence o f an embryo. How would you explain 
this condition?

4. A young woman who has missed two men­
strual periods complains o f intense abdomi­
nal pain. What might an initial diagnosis be, 
and how would you confirm it?
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m GASTRULATION: FORMATION OF 
EMBRYONIC MESODERM AND 
ENDODERM______________________

The most characteristic event occurring during 
the third week o f gestation is gastrulation, the 
process that estabhshes all three germ layers 
(ectoderm, mesoderm, and endoderm) in the 
embryo. Gastrulation begins with formation of 
the primitive streak on the surface o f the epi- 
blast (Figs. 5.1 and 5.2A). Initially, the streak is 
vaguely defined (Fig. 5.1), but in a 15- to 16-day 
embryo, it is clearly visible as a narrow groove 
with slightly bulging regions on either side. The 
cephalic end o f the streak, the primitive node, 
consists of a slightly elevated area surrounding 
the small primitive pit (Fig. 5.2). Cells of the 
epiblast migrate toward the primitive streak 
(Fig. 5.2). Upon arrival in the región o f the 
streak, they become flask-shaped, detach from 
the epiblast, and slip beneath it (Fig. 5.2B,C). This 
inward movement is known as invagination. 
Cell migration and specification are controlled 
by fíbroblast growth factor 8 (FGF8), which 
is synthesized by streak cells themselves. This 
growth factor Controls cell movement by down- 
regulating E-cadherin, a protein that normally 
binds epiblast cells together. FGF8 then Controls 
cell specification into the mesoderm by regulat- 
ing BRACHYURY (T) expression. Once the cells 
have invaginated, some displace the hypoblast, 
creating the embryonic endoderm, and oth- 
ers come to lie between the epiblast and newly 
created endoderm to form mesoderm. Cells 
remaining in the epiblast then form ectoderm. 
Thus, the epiblast, through the process of gas­
trulation, is the source o f all o f the germ layers 
(Fig. 5.2B), and cells in these layers will give rise 
to all o f the tissues and organs in the embryo.

As more and more cells move between the epi­
blast and hypoblast layers, they begin to spread 
lateraUy and cranially (Fig. 5.2). Gradually, they

migrate beyond the margin of the disc and estab- 
Hsh contact with the extraembryonic mesoderm 
covering the yolk sac and amnion. In the cephalic 
direction, they pass on each side of the prechordal 
píate. The prechordal píate itself forms between 
the tip of the notochord and the oropharyngeal 
membrane and is derived from some of the first 
ceUs that migrate through the node in the midline 
and move in a cephalic direction. Later, the pre­
chordal píate will be important for induction o f the 
forebrain (Figs. 5.2 and 5.3). The oropharyngeal 
membrane at the cranial end of the disc consists 
of a small región of tightly adherent ectoderm and 
endoderm ceUs that represents the íuture opening 
of the oral cavity.

■  FORMATION OF THE NOTOCHORD

Prenotochordal cells invaginating in the primi­
tive node move forward cranially in the midline 
until they reach the prechordal píate (Fig. 5.3). 
These prenotochordal ceUs become intercalated 
in the hypoblast so that for a short time, the mid­
line of the embryo consists of two cell layers that 
form the notochordal píate (Fig. 5.3B). As the 
hypoblast is replaced by endoderm cells mov- 
ing in at the streak, cells of the notochordal píate 
proliferate and detach from the endoderm. They 
then form a solid cord o f cells, the definitive 
notochord (Fig. 5.3C), which underlies the neu- 
ral tube and is a signaUing center for inducing the 
axial skeleton. Because elongation of the noto­
chord is a dynamic process, the cranial end forms 
first, and caudal regions are added as the primitive 
streak assiunes a more caudal position. The noto­
chord and prenotochordal ceUs extend craniaUy 
to the prechordal píate (an area just caudal to the 
oropharyngeal membrane) and caudally to the 
primitive pit. At the point where the pit forms an 
indentation in the epiblast, the neurenteric canal 
temporarily connects the amniotic and yolk sac 
cavities (Fig. 5.3A).
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FIGURE 5.1 A. Implantation site at the end of the second week. B. Representative view of the germ disc at 
tlie  end of tlie  second week of development. The amniotic cavity has been opened to permit a view of the 
dorsal side of the epiblast. The hypoblast and epiblast are in contact with each other, and the primitive streak 
forms a shallow groove in the caudal región of the embryo.

The cloacal membrane is formed at the cau­
dal end o f the embiyonic disc (Fig. 5.2A). This 
membrane, which is similar in structure to the 
oropharyngeal membrane, consists o f tightly 
adherent ectoderm and endoderm cells with 
no intervening mesoderm. When the cloacal 
membrane appears, the posterior wall o f the 
yolk sac forms a small diverticulum that extends 
inte the connecting stalk. This diverticulum, 
the allantoenteric diverticulum, or allantois, 
appears around the 16th day o f development 
(Fig. 5.3A). Although in some lower verte- 
brates the allantois serves as a reservoir for 
excretion products o f the renal system, in hu-

mans, it remains rudimentary but may be in- 
volved in abnormalities o f bladder development 
(see Chapter 16, p. 257).

■  ESTABLISHMENTOFTHE 
BODY AXES 

Establishment o f the body axes, an terio r-  
posterior (A -P ; craniocaudal), dorso-ventral
(D -V ), and le ft-r ig h t (L -R ), occurs early in 
embryogenesis and is probably initiated dur- 
ing the mórula stage o f development with 
the A -P  and D -V  axes specified prior to the 
L -R . By the blastocyst stage, the A -P  axis is
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V Oropharyngeal 
' membrane

\—  Cut edge of amnion 

Prenotochordal cells

Invaginating mesoderm cells

Detaching cells

FIGURE 5.2 A. Dorsal side o f the germ disc from a 16-day embryo indicating the movement o f surface epi- 
blast cells [solió block Unes] through the phmltive streak and node and the subsequent mlgratlon of cells 
between the hypoblast and epiblast [broken Unes]. B. Cross section through the cranlal región of the streak 
at 15 days showlng Invaginatlon of epiblast cells. The flrs t cells to move Inward displace the hypoblast to 
create the definitive endoderm. Once definitive endoderm is established, inwardiy moving epiblast forms 
mesoderm. C. Dorsal view of an embryo showing the primitive node and streak and a cross section through 
the streak. The view is similar to the illustration in B; arrow, detaching epiblast cells in the primitive streak.
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Primitive pit and 
neurenteric canal

Connecting stalk

/

Cloacal píate 
(membrane)

Intraembryonic mesoderm

Extraembryonic mesoderm

f  i  Endoderm \
¡  Notochord \

FIGURE 5.3 Schematic views illustrating formation of the notochord, whereby prenotochordal cells migrate 
through the prim itive streak, become intercalated in the endoderm to form the notochordal píate, and finally 
detach from the endoderm to form the definitive notochord. Because these events occur in a cranial-to- 
caudal sequence, portions o f the definitive notochord are established in the head región first. A. Drav^ing of 
a sagittal section through a 17-day embryo. The most cranial portion of the definitive notochord has formed, 
v/hereas prenotochordal cells caudal to this región are intercalated into the endoderm as the notochordal 
píate. Note thatsom e cells m igrate ahead o fth e  notochord. These mesoderm cells form  the prechordol pióte 
th a tw ill ossistin forebraln inductlon. B. Schematic cross section through the región of the notochordal píate. 
Soon, the notochordal píate v^ill detach from the endoderm to form the definitive notochord. C. Schematic 
view shov/ing the definitive notochord.

determined and cells that are destinad to form 
the anterior visceral endoderm (AVE) at the 
cranial end o f the endoderm layer o f the bi- 
laminar disc (Fig. 5.4) migrate toward what 
will become the head región. At this bilaminar 
disc stage, cells in the AVE  express genes es- 
sential for head formation, including the tran- 
scription factors 0T X 2, L IM l, and H ESX l, 
and the secreted factors cerberus and leftyl 
(members o f the T G F -3  family), which in- 
hibit nodal (a member o f the TGF-(3 family) 
activity, thereby establishing the cranial end 
o f the embryo. The absence o f cerberus and 
leftyl at the caudal end of the embryo allows 
nodal expression to continué, and this signal

establishes and maintains the primitive streak 
(Fig. 5.4). Once the streak is formed, NODAL  
upregulates a number o f genes responsible for 
formation o f dorsal and ventral mesoderm and 
head and tail structures.

Another member o f the TGF-(3 family, 
bone morphogenetic protein 4 (BM P4), is 
secreted throughout the embryonic disc (Fig.
5.4). In the presence o f this protein and FGF, 
mesoderm will be ventralized to contribute to 
kidneys (intermedíate mesoderm), blood, and 
body wall mesoderm (lateral píate mesoderm). 
In fact, all mesoderm would be ventralized if 
the activity of BM P4 were not blocked by other 
genes expressed in the node. For this reason.
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Goosecoid, chordin, 
noggin, follistatin, 
nodal

AVE

FIGURE 5.4 Sagittal section through the node and 
primitive streak showing the expression pattern of 
genes regulating the craniocaudal and dorsoven- 
tral axes. Cells at the prospectiva cranial end of the 
embryo in the AVE express the transcription fac- 
tors 0TX2, L IM l and HESXl and the secreted fac­
tor cerberus that contribute to head development 
and establish the cephalic región. Once the streak is 
formed and gastrulation is progressing, BMP4 is se­
creted throughout the bilaminar disc and acts with 
FGF to ventralize mesoderm into intermediate and 
lateral píate mesoderm. GOOSECOID, expressed in 
the node, regulates CHORDIN expression, and this 
gene product, together with noggin and follistatin, 
antagonizes the activity of BMP4, dorsalizing meso­
derm into notochord and paraxial mesoderm for the 
head región. Later, expression of the BRACHYURY 
(T) gene antagonizes BMP4 to dorsalize mesoderm 
into notochord and paraxial mesoderm in caudal 
regions of the embryo.

FIGURE 5.5 Conjoined twins. If the gene 
GOOSECOID is overexpressed in frog embryos, the 
result is a two-headed tadpole. Perhaps overexpres- 
sion of this gene explains the origin of this type of 
conjoined twins.

the node is the organizar. It was given that des- 
ignation by Hans Spemann, who first described 
this activity in the dorsal lip o f the blastopore, 
a structure analogous to the node, in X enopus 
embryos. Thus, CH O RD IN  (activated by the 
transcription factor GOOSECO ID), noggin, 
and follistatin  antagonize the activity o f BMP4. 
As a result, cranial mesoderm is dorsahzed into 
notochord, somites, and somitomeres (Fig.
5.4). Later, these three genes are expressed in 
the notochord and are important in neural in- 
duction in the cranial región.

As mentioned, Nodal is involved in initiating 
and maintaining the primitive streak. Similarly, 
HN F-3^  maintains the node and later induces 
regional specificity in the forebrain and mid- 
brain areas. Without HNP-3/3, embryos fail 
to gastrulate properly and lack forebrain and 
midbrain structures. As mentioned previously, 
GOOSECOID  activates inhibitors of BM P4 and 
contributes to regulation of head development. 
Over- or underexpression o f this gene in labora- 
tory animals results in severe malformations of 
the head región, including duplications, similar 
to some types o f conjoined twins (Fig. 5.5).

Regulation of dorsal mesoderm formation in 
middle and caudal regions of the embryo is con- 
trolled by the BRACHYU RY (T) gene expressed 
in the node, notochord precursor cells, and no­
tochord. This gene is essential for ceU migration 
through the primitive streak. BRACHYU RY  
encodes a sequence-specific DNA-binding pro- 
tein that functions as a transcription factor. The 
DNA-binding domain is called the T-box, and 
there are more than 20 genes in the T -box fam- 
ily. Thus, mesoderm formation in these regions 
depends on this gene product, and its absence re­
sults in shortening of the embryonic axis (caudal 
dysgenesis). The degree o f shortening depends on 
the time at which the protein becomes deficient.

Laterality (L -R  sidedness) also is es- 
tablished early in development. Normally, 
many organs exhibit asymmetries, including 
the heart, lungs, gut, spleen, stomach, liver, 
and others. Positioning these organs and 
establishing their asymmetries is orchestrated 
by a cascade o f signal molecules and genes. 
When the primitive streak appears, FGF8 
is secreted by cells in the node and primi­
tive streak, and this growth factor induces
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Orophatyngeal

FIGURE 5.6 Dorsal views of the germ disc showing gene expression patterns responsible for establishing 
the le ft-r igh t body axis. A. FGF8, secreted by the node and primitive streak, establishes expression of Nodal, 
a member of the TGF-3 superfamily. B. The neurotransmitter, serotonin [5-HT] increases in concentration 
on the right side and signáis through the transcription factor MAD3 to  restrict Nodal expression to the left 
side of the node. The 5-HT degrading enzyme monoamine oxidase [MAO] is expressed on the right side of 
the node and helps to keep 5-HT concentrations lower on that side. Nodal then initiates a signaling cascade 
that ends in expression of the master gene for left-sidedness, a transcription factor called PITX2. LEFTY-1 
and SONICHEDGEHOG are expressed more toward the midline in the lateral píate mesoderm and notochord, 
respectively, and may serve as midline barriers and aiso represses expression o f left-sided genes on the 
right. Genes involved in establishing the right side are largely unknown, but the transcription factor 5NAIL 
may regúlate downstream genes important for this process.

expression o f NODAL  (Fig. 5.6A). NODAL 
expression is then restricted to the left side of 
the embryo by the accumulation o f serotonin 
(5-H T) on the left side. These high concentra­
tions o f 5-H T on the left activate expression 
o f the transcription factor MAD3 that restricts 
NODAL expression to the left side o f the primi­
tive node (Fig. 5.6-B). Midline genes like SONIC 
HEDGEHOG {SHH), L E FT Y l, and ZIC3  (a 
gene on the X  chromosome that codes for a zinc 
finger transcription factor) are involved in es­
tablishing the midline but also prevent NODAL  
expression from Crossing over to the right side. 
Ultimately, Nodal protein in the left lateral píate 
mesoderm initiates a signaling cascade that in- 
cludes LEFTY2  to upregulate PITX2  (Fig. 5.6B). 
PITX2 is a homeobox-containing transcription 
factor that is a “master gene” responsible for 
establishing left-sidedness, and its expression is 
repeated on the left side o f the heart, stomach, 
and gut primordia as these organs are assum-

ing their normal asymmetrical body positions. 
I f  the gene is expressed ectopically (e.g., on the 
right side), this abnormal expression results in 
laterality defects, including situs inversus and 
dextrocardia (placement o f the heart to the 
right side; see “Clinical Correlates,” p. 65).

Note that the neurotransmitter 5-H T also 
plays a critical role in this signaling cascade 
that establishes laterality. 5-H T is concentrated 
on the left side, which activates MAD3 and re­
stricts Nodal signaling to the left side (Fig. 5.6B). 
Animal studies show that altering 5-HT signal­
ing can result in situs inversus, dextrocardia, 
heart malformations, and a variety o f laterality 
related birth defects called heterotaxy, whereas 
epidemiology studies indícate that similar mal­
formations occur in humans when 5-H T sig­
naling is disrupted by pharmaceutical agents. 
(see “Clinical Correlates,” p. 66).

Genes regulating right-sided development 
are not as well defined, although expression of
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the transcription factor SNAIL  is restricted to the 
right lateral píate mesoderm and probably regu- 
lates effector genes responsible for establishing 
the right side. Why the cascade is initiated on 
the left remains a mystery, but the mechanism 
may involve cilia on cells in the node that beat to 
create a gradient o f Nodal toward the left or by a 
signaling gradient established by gap junctions 
and small ion transport.

■  FATEMAP ESTABLISHED DURING 
GASTRULATION__________________

Regions o f the epiblast that migrate and ingress 
through the primitive streak have been mapped, 
and their ultímate fates have been determined 
(Fig. 5.7). For example, cells that ingress 
through the cranial región o f the node become 
prechordal píate and notochord; those migrat- 
ing at the lateral edges o f the node and from the 
cranial end o f the streak become paraxíal me­
soderm; ceUs migrating through the midstreak 
región become intermedíate mesoderm; those 
migrating through the more caudal part o f the 
streak form lateral píate mesoderm; and cells 
migrating through the caudalmost part o f the 
streak contribute to extraembryonic mesoderm 
(the other source o f this tissue is the primitive 
yolk sac [hypoblast]).

■  GROWTH OF THE EMBRYONIC DISC

The embryonic disc, initially flat and almost 
round, gradually becomes elongated, with 
a broad cephalic and a narrow caudal end 
(Fig. 5.2A). Expansión o f the embryonic disc 
occurs mainly in the cephalic región; the región 
o f the primitive streak remains more or less the 
same size. Growth and elongation of the cephalic 
part o f the disc are caused by a continuous mi- 
gration o f cells from the primitive streak región 
in a cephalic direction. Invagination o f surface 
cells in the primitive streak and their subsequent 
migration forward and laterally continúes until 
the end o f the fourth week. At that stage, the 
primitive streak shows regressive changes, rap- 
idly shrinks, and soon disappears.

That the primitive streak at the caudal end of 
the disc continúes to supply new cells until the 
end of the fourth week has an important bearing 
on development of the embryo. In the cephalic 
part, germ layers begin their specific diíferen- 
tiation by the middle o f the third week, whereas 
in the caudal part, differentiation begins by 
the end o f the fourth week. Thus, gastrulation, 
or formation o f the germ layers, continúes in 
caudal segments while cranial structures are 
differentiating, causing the embryo to develop 
cephalocaudally.

FIGURE 5.7 Dorsal view of the germ disc showing 
the primitive streak and a fate map for epibiast cells. 
Specific regions of the epibiast migrate through 
different parts o f the node and streak to form me­
soderm. Thus, cells migrating at the cranialmost 
part of the node will form the notochord [n)\ those 
migrating more posteriorly through the node and 
cranialmost aspect of the streak will form paraxial 
mesoderm [pm; somitomeres and somites]; those 
migrating through the next portion of the streak will 
form intermedíate mesoderm (/m; urogenital sys- 
tem]; those migrating through the more caudal part 
of the streak will form lateral píate mesoderm (/pm; 
body wall]; and those migrating through the most 
caudal part will contribute to extraembryonic meso­
derm [eem; chorion).
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Clinical Correlates

Teratogenesis Associated w ith Gastrulation
The beginning o f the th ird  week of develop­
ment, when gastrulation is initiated, is a highiy 
sensitive stage fo r teratogenic insult. A t th is 
tim e, fa te  maps can be made fo r various organ 
systems, such as the eyes and brain aniage, 
and these cell populations m ay be damaged 
by teratogens. For example, animal studies in­
dícate th a t high doses o f alcohol a t th is stage 
kill cells in the anterior m idline o f the germ disc, 
producing a deficiency o f the midline in cranio- 
facial structures and resulting in hoioprosen- 
cephaly (see Chapter 17, p. 300). In such a child, 
the forebrain is small, the tw o  lateral ventricles 
often merge into a single ventricle, and the eyes 
are cióse together (hypotelorism). Because this 
stage is reached 2 weeks a fte r fertilization, it  is 
approximately 4  weeks from  the last menses. 
Therefore, the woman m ay not recognize tha t 
she is pregnant, having assumed th a t m enstru- 
ation is late and w ill begin shortiy. Consequently, 
she may not take precautions she would nor- 
mally consider if she knew she was pregnant.

G astrulation itse lf m ay be d isrupted by 
genetic abnorm alities and to x ic  insults. In 
caudal dysgenesis [sirenomelia], in suffic ien t 
m esoderm  is fo rm ed in the  caudalm ost región 
o f the  em bryo. Because th is  m esoderm  con­
tribu tes  to  fo rm ation  o f the  lower limbs, uro­

genital system  (interm edíate mesoderm ), and 
lumbosacral vertebrae, abnorm alities in these 
structu res ensue.

A ffected indiv iduáis exh ib it a variable range 
o f defects, including hypoplasia and fusión of 
the  lower limbs, vertebra l abnorm alities, renal 
agenesis, im perfora te  anus, and anomalies of 
the  gen ita l organs (Fig. 5.8A,6). In humans, the 
cond ition is associated w ith  m aternal diabetes 
and o the r causes. In mice, abnorm alities of 
BRACHYURY [T], WNT, and ENGRAILED genes 
produce a s im ila r phenotype.

Tumors Associated w ith Gastrulation 

Sometimes, rem nants o f the  prim itive  streak 
persist in the  sacrococcygeal región. These 
clusters o f p lu ripo ten t cells pro life rate and form  
tum ors, known as sacrococcygeal teratomas, 
which com m only conta in tissues derived from  
all three germ layers (Fig. 5.9). This is the  m ost 
com mon tum o r in newborns, occurring w ith  a 
frequency o f 1 in 37,000. Teratomas m ay aiso 
arise from  primordial germ cells th a t fail to  m i- 
grate to  the gonadal ridge (see Chapter 1, p. 14).

Birth Defects Associated with Laterality 
S itu s  so litu s  refers to  the  norm al positioning 
of the in ternal organs. S itu s  inversus  refers to  
a cond ition where the  positioning of all organs 
is reversed in a m irro r image arrangem ent.

FIGURE 5.8 A,B. Two examples of si­
renomelia [caudal dysgenesis). Loss of 
mesoderm in the lumbosacral región 
has resultad in fusión of the limb buds 
and other defects.

[continued]
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FIGURE 5.9 Sacrococcygeal teratoma 
probably resulting from remnants of the 
primitive streak. These tumors may be- 
come malignant and are most common 
in female fetuses.

D iscordant organ positioning w ith  respect to  
sym m etry, where one or m ore organs are ab- 
norm ally reversed in position or if  isomerism s 
[i.e., both atria in t iie  iiea rt look the  same) 
or inversions [i.e., the  tw o  ventric les in the 
heart are reversed) are present is cailed situs 
ambiguous or heterotaxy. These individuáis 
are considered to  have latera lity defects th a t 
have occurred because o f a fa iiure to properly 
establish the  L-R axis. Patients w ith  these 
cond itions do no t have com ple te situs inversus 
bu t appear to  be predom inantly b ila tera lly le ft- 
sided or right-sided. The spieen reflects the d if- 
ferences; those w ith  le ft-s ided b ila te ra lity  have 
polysplenia, and those w ith  righ t-s ided b ila ter­
a lity  have asplenia or hypoplastic spieen.

Individuáis w ith  s itus inversus do no t have a 
high risk fo r having o ther congenital abnorm ali- 
ties [although they have a s ligh tiy  greater risk of 
having a heart defect), but the ir progeny have 
an increased risk fo r having la tera lity defects 
and an even higher risk fo r having a severe 
cardiac m alformation. AIso, approxim ately 20%  
of patients w ith  com plete situs inversus have 
bronchiectasis and chronic sinusitis because 
o f abnorm al cilla (Kartagener syndrome). 
Interestingly, cilia are norm ally present on the 
ventra l surface o f the prim itive node and may 
be involved in L-R patterning.

In contrast, pa tien ts  w ith  situs ambiguous 
(heterotaxy) have a high risk o f having other 
b irth  defects, including a va rie ty  o f m idline 
m alform ations, such as neural tube  defects.

c le ft palate, anal atresia, etc. Furtherm ore, 
90%  o f these ind iv iduáis w ill have com plex 
congenita l heart defects. The heart exh ib its  
m ore la te ra lity  than m ost organs and per- 
haps th a t explains its increased suscep tib ility  
when the  L-R signaling pathw ay is d isrupted. 
M uta tions in the  zinc finger tran scrip tion  fac­
to r  Z/C3, a gene located on theX chrom osom e, 
cause X-linked heterotaxy. These individuáis 
have a va rie ty  o f b irth  defects, including neural 
tube defects, lim b abnorm alities, and om pha- 
locele, and m ost aiso have severe heart m al­
fo rm ations. The association between la te ra lity  
and m idline defects (neural tube  defects, c le ft 
palate, etc.) suggests th a t s ignaling pathw ays 
establish ing the  A -P  and L-R axes m ust in- 
te ra c t to  specify the  co rrect position ing o f the 
body’s organs and o the r structures.

The neurotransm itter serotonin (5-HT) is 
an im portan t signal m olecule fo r estab lish­
ing la tera lity, and anim al studies show  tha t 
d isrup ting  5-HT signaling results in cases of 
s itus inversus, heterotaxy, dextrocard ia, and a 
w ide varie ty  o f heart defects (see Chapter 13). 
Ep idem iology studies show  th a t children born 
to  m others who take antidepressants from  
the  class o f drugs called selectivo serotonin 
reuptake inhibitors (SSRIs; Prozac, Paxil, 
Zoloft, Lexapro, Celexa, etc.) have an in ­
creased risk o f having many d iffe ren t types of 
heart m alform ations and m últip le  o ther birth 
defects, thus provid ing add itional evidence fo r 
5-HT's im portance in establish ing la tera lity.
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FIGURE 5.10 A 13-day-old implantation site showing primary \- 
be invaded by mesoderm from tlie  chorionic píate.

Exocoelomic cyst

lili of the trophoblastic shell just beginning to

■  FURTHER DEVELOPMENT OF THE 
TROPHOBLAST__________________

By the beginning o f the third week, the tro- 
phoblast is characterized by prim ary villi that 
consist o f a cytotrophoblastic core covered by a 
syncytial layer (Figs. 5.10 and 5.11). During ftir- 
ther development, mesodermal cells penetrate

the core o f primary villi and grow toward the 
decidua. The newly formed structure is known 
as a secondary villus (Fig. 5.11).

By the end o f the third week, mesodermal 
cells in the core o f the villus begin to differentiate 
into blood cells and small blood vessels, forming 
the villous capillary system (Fig. 5.11). The villus 
is now known as a tertiary villus or a definitive

Syncytiotrophoblast Mesoderm core Villous capillary

Primary
villus

Cytotrophoblast

B  Secondary 
villus

FIGURE 5.11 Development of a villus. A. Transverse section of a primary villus showing a core of cytotro­
phoblastic cells covered by a layer of syncytium. B. Transverse section of a secondary villus v^ith a core 
of mesoderm covered by a single layer of cytotrophoblastic cells, which in turn is covered by syncytium. 
C. Mesoderm of the villus showing a number of capillaries and venules.
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Jpm^rni Intervillous spaces Syncytium
Outer
c y to tro p h o b la s t
Shell

Exocoelomic cyst

FIGURE 5.12 Presomlte embryo and the trophoblast a t the end of the third week. Tertiary and secondary 
stem vllll give the trophoblast a charactehstic radial appearance. Intervillous spaces, which are found 
throughout the trophoblast, are lined with syncytium. Cytotrophoblastic cells surround the trophoblast 
entirely and are in direct contact with the endometrium. The embryo is suspended in the chorionic cavity by 
means of the connecting stalk.

placental villus. Capillaries in tertiary villi make 
contact with capillaries developing in the meso- 
derm of the chorionic píate and in the connect­
ing stalk (Figs. 5.12 and 5.13). These vessels, in 
turn, establish contact with the intraembryonic 
circulatory system, connecting the placenta and 
the embryo. Henee, when the heart begins to 
beat in the fourth week o f development, the vil- 
lous system is ready to supply the embryo proper 
with essential nutrients and oxygen.

Meanwhile, cytotrophoblastic ceUs in the 
villi penetrate progressively into the overlying 
syncytium until they reach the maternal en­
dometrium. Here they establish contact with 
similar extensions o f neighboring villous stems, 
forming a thin outer cytotrophoblast shell 
(Figs. 5.12 and 5.13). This shell gradually sur- 
rounds the trophoblast entirely and attaches the 
chorionic sac firmly to the maternal endome- 
trial tissue (Fig. 5.12). Vilh that extend from the 
chorionic píate to the decidua basalis (decidual

píate: the part o f the endometrium where the 
placenta will form; see Chapter 8) are called 
stem or anchoring villi. Those that branch from 
the sides o f stem villi are free (terminal) villi, 
through which exchange o f nutrients and other 
factors will occur.

The chorionic cavity, meanwhile, becomes 
larger, and by the 19th or the 20th day, the em­
bryo is attached to its trophoblastic shell by a 
narrow connecting stalk (Fig. 5.12). The con­
necting stalk later develops into the umbilical 
cord, which forms the connection between the 
placenta and embryo.

S U M M A R Y
The most characteristic event occurring during 
the third week is gastrulation, which begins 
with the appearance o f the primitive streak, 
which has at its cephalic end the primitive node. 
In the región o f the node and streak, epiblast 
cells move inward (invaginate) to form new
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FIGURE 5.13 Longitudinal section through a villus at the end of the fourth week of development. Maternal 
vesseis penetrate the cytotrophoblastic shell to  enter intervillous spaces, which surround the villi. Capillaries 
in the villi are in contact with vesseis in the chorionic píate and in the connecting stalk, which in turn are 
connected to intraembryonic vessels.

cell layers, endoderm and mesoderm. Cells that 
do not migrate through the streak but remain 
in the epiblast form ectoderm. Henee, epiblast 
gives rise to all three germ layers in the embryo, 
ectoderm, mesoderm, and endoderm, and 
these layers form all o f the tissues and organs 
(Figs. 5.2 and 5.3).

Prenotochordal cells invaginating in the 
primitive pit move forward until they reach the 
prechordal píate. They intercálate in the endo­
derm as the notochordal píate (Fig. 5.3). With 
further development, the píate detaches from 
the endoderm, and a solid cord, the notochord, 
is formed. It forms a midline axis, which will 
serve as the basis o f the axial skeleton (Fig. 
5.3). Cephalic and caudal ends o f the embryo 
are established before the primitive streak is 
formed. Thus, cells in the hypoblast (endoderm) 
at the cephalic margin o f the disc form the AVE, 
which expresses head-forming genes, including 
OTX2, L IM l,  and H ESX l and the secretad fac­
tor cerberus. NODAL, a member o f the TGF-f3 
family o f genes, is then activated and initiates 
and maintains the integrity o f the node and 
streak. In the presence o f FGF, BM P4 ventral- 
izes mesoderm during gastrulation so that it 
forms intermedíate and lateral píate mesoderm. 
Chordin, noggin, and foUistatin antagonize

BM P4 activity and dorsalize mesoderm to form 
the notochord and somitomeres in the head re­
gión. Formation of these structures in more cau­
dal regions is regulated by the BRA CH YU RY  
(T) gene (Fig. 5.4A). Laterality (left-right asym- 
metry) is regulated by a cascade of signaling 
molecules and genes. FGF8, secreted by cells 
in the node and streak, induces NODAL and 
LEFTY2  expression on the left side, and these 
genes upregulate PITX2, a transcription factor 
and master gene for left-sidedness (Fig. 5.6). The 
neurotransmitter serotonin (5-HT) also plays 
a role in establishing laterality by restricting 
NODAL  expression to the left side. Normal L -R  
positioning o f the organs is called situs solitus, 
whereas their complete reversal is called situs 
inversus. When one or more organs are abnor- 
mally positioned the condition is called situs 
am bigu ou s  or heterotaxy. Individuáis with situs 
inversus have a low risk o f having other birth 
defects, but their children have a higher risk, 
especially for heart defects. In contrast, patients 
with heterotaxy are at a high risk of having many 
types o f congenital malformations, and almost 
all will have some type o f cardiac abnormality. 
Disruption o f 5-HT levels, or misexpression of 
genes in the laterality signaling pathway, such as 
PITX2  results in laterality defects, such as dex-
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trocardia, situs inversus, and cardiac abnormali- 
ties. Mutations in the zinc finger transcription 
factor ZIC3  cause X-linked heterotaxy, with 
severe cardiac malformations and other defects.

Epiblast cells moving through the node and 
streak are predetermined by their position to 
become specific types of mesoderm and endo- 
derm. Thus, it is possible to construct a fate map 
of the epiblast showing this pattern (Fig. 5.7).

By the end of the third week, three basic germ  
layers, consisting o f ectoderm, mesoderm, and 
endoderm, are estabhshed in the head región, 
and the process continúes to produce these germ 
layers for more caudal areas o f the embryo until 
the end of the fourth week. Tissue and organ dif- 
ferentiation has begun, and it occurs in a cepha- 
locaudal direction as gastrulation continúes.

In the meantime, the trophoblast progresses 
rapidly. Prim ary villi obtain a mesenchymal 
core in which small capillaries arise (Fig. 5.12). 
When these villous capillaries make contact with 
capillaries in the chorionic píate and connecting 
stalk, the villous system is ready to supply the 
embryo withits nutrients and oxygen (Fig. 5.13).

1. A 22-year-old woman consumes large quanti- 
ties o f alcohol at a party and loses conscious- 
ness; 3 weeks later, she misses her second

consecutive period. A pregnancy test is posi- 
tive. Should she be concerned about the eífects 
o f her binge-drinking episode on her baby?

2. An ultrasound sean detects a large mass near 
the sacrum o f a 28-week female fetus. What 
might the origin o f such a mass be, and what 
type o f tissue might it contain?

3. On ultrasound examination, it was deter- 
mined that a fetus had well-developed facial 
and thoracic regions, but caudal structures 
were abnormal. Kidneys were absent, lum­
bar and sacral vertebrae were missing, and 
the hind limbs were fused. What process may 
have been disturbed to cause such defects?

4. A child has polysplenia and abnormal posi- 
tioning o f the heart. How might these two 
abnormalities be linked developmentally, and 
when would they have originated? Should 
you be concerned that other defects might 
be present? W hat genes might have caused 
this event, and when during embryogenesis 
would it have been initiated?

5. A young woman arrives at your obstetrics 
clinic and says that she is depressed and 
things are not going well, including her 
attempts to start a family. She indicates that 
her friend is taking one o f the new SSRI anti- 
depressants and she wonders if  she should be 
taking one as well. How do you respond?



CHAPTE R

Third to Eighth Weeks: 
The Embryonic Period

he embryonic period, or period of 
organogénesis, occurs from the third 
to the eighth weeks of development 

and is the time when each o f the three germ lay- 
ers, ectoderm, mesoderm, and endoderm, gives 
rise to a number of specific tissues and organs. 
By the end o f the embryonic period, the main 
organ systems have been estabhshed, rendering 
the major features o f the external body form rec- 
ognizable by the end of the second month.

■  DERIVATIVESOFTHE 
ECTODERMAL GERM LAYER

At the beginning of the third week of develop­
ment, the ectodermal germ layer has the shape of a 
disc that is broader in the cephalic than in the cau­
dal región (Fig. 6.1). Appearance of the notochord 
and prechordal mesoderm induces the overlying 
ectoderm to thicken and form the neural píate 
(Fig. 6.2A,B). Cells o f the píate make up the neu- 
roectoderm, and their induction represents the 
initial event in the process of neurulation.

Molecular Reguiation of Neural Induction
Upregulation of fibroblast growth factor (FGF)
signaling together with inhibition of the activ- 
ity o f bone morphogenetic protein 4 (BMP4), a 
transforming growth factor-j3 (TGF-P) family 
member responsible for ventralizing ectoderm 
and mesoderm, causes induction of the neural 
píate. FGF signaling probably promotes a neu­
ral pathway by an unknown mechanism while 
it represses BMP transcription and upregulates 
expression o f CH O RD IN  and NOGGIN, which 
inhibit BMP activity. In the presence o f BMP4, 
which permeates the mesoderm and ectoderm 
of the gastrulating embryo, ectoderm is induced 
to form epidermis, and mesoderm forms inter­
medíate and lateral píate mesoderm. If  ectoderm 
is protected from exposure to BMPs, its “default

State” is to become neural tissue. Secretion of 
three other molecules, noggin, chordin, and 
follistatin, inactivates BMP. These three pro- 
teins are present in the organizer (primitive 
node), notochord, and prechordal mesoderm. 
They neuralize ectoderm by inhibiting BMP 
and cause mesoderm to become notochord 
and paraxial mesoderm (dorsalizes mesoderm); 
however, these neural inducers induce only fore- 
brain and midbrain types o f tissues. Induction 
o f caudal neural píate structures (hindbrain 
and spinal cord) depends on two secreted pro- 
teins, W N T3a and FGF. In addition, retinóle 
acid (RA) appears to play a role in organizing 
the cranial-to-caudal axis because it can cause 
respecification o f cranial segments into more 
caudal ones by regulating expression of homeo- 
box genes (see p. 88).

Neurulation
Neurulation is the process whereby the neural 
píate forms the neural tube. One o f the key events 
in this process is lengthening o f the neural píate 
and body axis by the phenomenon o f convergent 
extensión, whereby there is a lateral to medial 
movement o f cells in the plañe o f the ectoderm 
and mesoderm. The process is regulated by sig­
naling through the planar cell polarity pathway 
(see Chapter 1, p. 9) and is essential for neural 
tube development. As the neural píate length- 
ens, its lateral edges elevate to form neural folds, 
and the depressed midregion forms the neural 
groove (Fig. 6.2). Gradually, the neural folds 
approach each other in the midline, where they 
fuse (Fig. 63A ,B). Fusión begins in the cervical 
región (fifth somite) and proceeds cranially and 
caudally (Fig. 6.3C,D). As a result, the neural tube 
is formed. Until fusión is complete, the cephalic 
and caudal ends of the neural tube communicate 
with the amniotic cavity by way of the anterior 
(cranial) and posterior (caudal) neuropores.
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FIGURE 6.1 A. Dorsal view of a 16-day presomite embryo. The primitive streak and prim itive node are visible. 
B. Dorsal view of an 18-day presomite embryo. The embryo is pear-shaped, with its cephalic región some- 
what broader than its caudal end. C. Dorsal view of an 18-day human embryo. Note the primitive node and, 
extending forward from it, the notochord. The yolk sac has a somev^hat mottied appearance. The length of 
the embryo is 1.25 mm, and the greatest width is 0.68 mm.
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Región of the 
primitive streak
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FIGURE 6.2 A. Dorsal view of a late presomite embryo [approximately 19 days]. The amnion has been 
removed, and the neural píate is clearly visible. B. Dorsal view of a human embryo at 19 days. C. Dorsal view 
of an embryo at approximately 20 days showing somites and formation of the neural groove and neural 
folds. D. Dorsal view of a human embryo at 20 days.
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FIGURE 6.3 A. Dorsal view of an embryo at approximately day 22. Seven distinct somites are visible on 
each side of the neural tube. B. Dorsal view of a human embryo at 21 days. C. Dorsal view o f an embryo 
at approximately day 23. Note the pericardial bulge on each side of the midline in the cephalic part of the 
embryo. D. Dorsal view of a human embryo at 23 days.

respectively (Figs. 6 3 Q D  and 6.4A). Closure of 
the cranial neuropore occurs at approximately 
day 25 (18- to 20-somite stage), whereas the 
posterior neuropore closes at day 28 (25-somite 
stage) (Fig. 6.4B). Neurulation is then complete,

and the central nervous system is represented by 
a closed tubular structure with a narrow caudal 
portion, the spinal cord, and a much broader 
cephahc portion characterized by a number of 
dilations, the brain vesicles (see Chapter 18).
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Anterior neuropore

FIGURE 6.4 A. Lateral view of a 14-somite embryo (approximately 25 days]. Note the bulging pericardial 
area and the firs t and second pharyngeal arches. B. The left side of a 25-somite embryo approximately 
28 days oíd. The first three pharyngeal arches and lens and otic placodes are visible.

Neural Crest Cells
As the neural folds elevate and fuse, cells at the 
lateral border or crest o f the neuroectoderm 
begin to dissociate from their neighbors. This cell 
population, the neural crest (Figs. 6.5 and 6.6), 
will undergo an epithelial-to-mesenchymal 
transition as it leaves the neuroectoderm by 
active migration and displacement to enter the 
underlying mesoderm. (Mesoderm refers to 
cells derived from the epiblast and extraem- 
bryonic tissues. Mesenchyme refers to loosely 
organized embryonic connective tissue regard- 
less o f origin.) Crest cells from the trunk región 
leave the neuroectoderm after closure of the 
neural tube and migrate along one o f two path- 
ways: (1) a dorsal pathway through the dermis, 
where they will enter the ectoderm through 
holes in the basal lamina to form melanocytes 
in the skin and hair follicles, and (2) a ventral 
pathway through the anterior half of each so- 
mite to become sensory ganglia, sympathetic 
and enteric neurons, Schwann cells, and cells 
o f the adrenal medidla (Fig. 6.5). Neural crest 
cells also form and migrate from cranial neural 
folds, leaving the neural tube before closure in 
this región (Fig. 6.6). These cells contribute to 
the craniofacial skeleton as well as neurons 
for cranial ganglia, glial cells, melanocytes, 
and other cell types (Table 6.1, p. 77). Neural 
crest cells are so fundamentally important and

contribute to so many organs and tissues that 
they are sometimes referred to as the fourth 
germ layer. Evolutionarily, these cells appeared 
at the dawn o f vertebrate development and ex- 
panded this group extensively by perfecting a 
predatory lifestyle.

Molecular Regulatlon of  
Neural Crest Induction
Induction of neural crest cells requires an inter- 
action at the junctional border o f the neural píate 
and surface ectoderm (epidermis) (Fig. 6.5A). 
Intermedíate concentrations o f BMPs are estab- 
lished at this boundary compared to neural píate 
cells that are exposed to very low levels o f BMPs 
and surface ectoderm cells that are exposed to 
very high levels. The proteins noggin and chor- 
din regúlate these concentrations by acting as 
BMP inhibitors. The intermedíate concentra­
tions o f BMPs, together with FGF and WNT 
proteins, induce PAX3 and other transcription 
factors that “specify” the neural píate border 
(Fig. 6.5A). In turn, these transcription factors 
induce a second wave o f transcription factors, 
including SNAIL and F0X D 3, which specify 
cells as neural crest, and SLUG, which promotes 
crest cell migration from the neuroectoderm. 
Thus, the fate o f the entire ectodermal germ 
layer depends on BMP concentrations: High 
levels induce epidermis formation; intermedíate
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Neural crest cells

FIGURE 6.5 Formation and migration of neural crest cells In the spinal cord. A,B- Crest cells form at the 
tlps of neural folds and do not mígrate away from this reglen untll neural tube closure Is complete. C. After 
migration, crest cells contribute to a heterogeneous array of structures, Including dorsal root ganglia, sym- 
pathetlc Chain ganglia, adrenal medulla, and other tissues (Table 6.1, p. 77). D. In a scanning electrón micro- 
graph, crest cells at the top of the closed neural tube can be seen migrating away from this area.

FIGURE 6.6 Drawlng shows the m igratory paths 
of neural crest cells in the head reglón. These cells 
leave the crests of the neural folds prior to neural 
tube closure and mígrate to form structures In the 
face and neck [blue area). 1 to 6, pharyngeal arches; 
y, VII, IX, and X, epipharyngeal placodes.

levels, at the border o f the neural píate and 
surface ectoderm, induce the neural crest; and 
very low concentrations cause formation of 
neural ectoderm. BMPs, other members o f the 
TGF-(3 family, and FGFs regúlate neural crest 
cell migration, proliferation, and differentiation, 
and abnormal concentrations o f these proteins 
have been associated with neural crest defects 
in the craniofacial región o f laboratory animals 
(see Chapter 17).

By the time the neural tube is closed, two 
bilateral ectodermal thickeníngs, the otic 
placodes and the lens placodes, become visible 
in the cephalic región of the embryo (Fig. 6.4B). 
During further development, the otic placodes
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Neural Crest Derivatives

Connective tissue and bones o f the face 
and skuli

Cranial nerve ganglia (see Table 18.3, p. 336] 

C cells o f the thyro id  gland 

Conotruncal septum  in the heart 

Odontobiasts 

Dermis in face and neck 

Spinal [dorsal root] ganglia 

Sym pathetic chain and preaortic ganglia 

Parasym pathetic ganglia of the 
gastro intestina l trac t 

Adrenal medulla 

Schwann cells 

Glial cells

Meninges [forebrain]

Melanocytes

Smooth muscle cells to  blood vesseis of the 
face and forebra in

invaginate and form the otic vesicles, which will 
develop inte structures needed for hearing and 
maintenance of equilibrium (see Chapter 19). At 
approximately the same time, the lens placodes 
appear. These placodes also invaginate and, dur- 
ing the fifth week, form the lenses o f the eyes 
(see Chapter 20).

In general terms, the ectodermal germ layer 
gives rise to organs and structures that maintain 
contact with the outside world:

■ The central nervous system
■ The peripheral nervous system
■ The sensory epithelium of the ear, nose, and eye
■ The epidermis, including the hair and nails

In addition, it gives rise to the following:

■ The subcutaneous glands
■ The mammary glands
■ The pituitary gland
■ Enamel o f the teeth

Clinical Correlates

Neural Tube Defects
Neural tube defects (NTDs) resu lt when neu­
ral tube closure fa ils to  occur. If the  neural tube 
fa ils to  dose  in the  cranial región, then m ost o f 
the  brain fa ils  to  form , and the  defect is called 
anencephaly (Fig. 6.74]. If closure fa ils any- 
w here from  the  cervical región caudally, then 
the  defect is called spina bifida [Fig. 6.7B,C], 
The m ost com mon s ite  fo r spina bifida to  occur 
is in the  lum bosacra l región (Fig. 6.7C), sug- 
gesting th a t the  closure process in th is  area 
m ay be m ore susceptib le to  genetic and /o r 
environm enta l factors. Anencephaly is a lethal 
defect, and m ost o f these cases are diagnosed 
prenata lly and the  pregnancies te rm inated. 
Children w ith  spina bifida lose a degree o f 
neurological function  based on the spinal cord 
level o f the  lesión and its severity.

Occurrence o f these types o f de fects Is 
com m on and varíes by d iffe ren t regions. For 
example, p rio r to  fo rtif ica tion  o f enriched flou r 
w ith  folie acid in the  United States, the  over- 
all ra te was 1 in 1,000 births, bu t in North and 
South Carolina, the  rate was 1 in 500  births. 
In parts o f China, rates were as high as 1 in 
200 births. Various genetic and environm en­
ta l factors apparently account fo r the  vari- 
ability. Genetic causes o f NTDs remain elusive.

although recently, m uta tions  in the VANGL 
genes have been identified and associated 
w ith  fam ilia l cases o f these defects. The VANGL 
genes are pa rt o f the  planar cell po larity  pa th- 
w ay (see Chapter 1, p. 9] th a t regulates con- 
ve rgen t extensión, the  process th a t lengthens 
the  neural tube  and is necessary fo r normal 
closure to  occur.

Regardiess o f the región or country where 
NTDs occur, rates have been reduced signifi- 
cantly following folie acid adm inistraron. For 
example, rates throughout the United States 
are now approximately 1 in 1,500 births. It is es- 
tim ated tha t 50%  to 70% of NTDs can be pre- 
vented if women take 4 0 0  (xg of folie acid daily 
(the dose present in m ost multivitam ins] begin- 
ning 3 months prior to  conception and continu- 
ing throughout pregnancy. Because 50%  of 
pregnancies are unplanned, it is recommended 
tha t all women o f childbearing age take a m ulti- 
vitam in containing 400  |xg of folie acid daily. If a 
woman has had a child w ith  an NTD or if there is 
a history of such defects in her family, it is recom­
mended tha t she take 400  |xg o f folie acid daily 
and then 4 ,0 0 0  |jig per day starting 1 m onth be- 
fore she tries to  become pregnant and continu- 
ing through the firs t 3 m onths of pregnancy.

fcontinued)
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FIGURE 6.7 Examples of NTDs, which occur when closure of the neural tube fails. A. Anencephaly.
B,C. Infants with spina bifida. Most cases occur in the lumbosacral región. Fifty percent to 70% of all NTDs 
can be prevented by the vitamin folie acid.

■  DERIVATIVESOFTHE 
MESODERMAL GERM LAYER

Initially, cells o f the mesodermal germ layer 
form ath in  sheet o f loosely woven tissue on each 
side of the midline (Fig. 6.8). By approximately 
the 17th day, however, cells cióse to the mid­
line proliferate and form a thickened píate of 
tissue known as paraxial mesoderm (Fig. 6.8).

More laterally, the mesoderm layer remains thin 
and is known as the lateral píate. With the ap- 
pearance and coalescence o f intercellular cavi- 
ties in the lateral píate, this tissue is divided into
two layers (Fig. 6.8B,C):

■ A layer continuous with mesoderm covering 
the amnion, known as the somatíc or parietal 
mesoderm layer
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Notochord Amniotic cavity 
 ̂Ectoderm

Neural groove

Visceral
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FIGURE 6.8 Transversa sections showing development of the mesodermal germ layer. A. Day 17. B. Day 19.
C. Day 20. D. Day 21. The thin mesodermal sheet gives rise to paraxial mesoderm (future somites), inter­
medíate mesoderm (future excretory units], and the lateral píate, v^hlch Is spilt Into parietal and visceral 
mesoderm layers lining the intraembryonic cavity.

■ A layer continuous with mesoderm cover- 
ing the yolk sac, known as the splanchnic or 
visceral mesoderm layer (Figs. 6.8C,D and 6.9)

Together, these layers Une a newly formed cav­
ity, the intraembryonic cavity, which is con­
tinuous with the extraembryonic cavity on each

side o f the embryo. Intermediate mesoderm
connects paraxial and lateral píate mesoderm 
(Figs. 6.8B,D  and 6.9).

Paraxial Mesoderm
By the beginning of the third week, paraxial meso­
derm begins to be organized into segments. These

Intermedíate mesoderm

Lateral píate mesoderm 
(parietal layer)

Lateral píate mesoderm 
(visceral layer)

FIGURE 6.9 Cross section through the somites and neural tube shovi/ing the organization of the paraxial 
mesoderm into somites and intermediate and lateral píate mesoderm.
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segments, known as somitomeres, first appear in 
the cephalic región of the embryo, and their forma- 
tion proceeds cephalocaudally. Each somitomere 
consists of mesodermal cells arranged in concen- 
tric whorls around the center o f the unit. In the 
head región, somitomeres form in association with 
segmentation of the neural píate into neuromeres 
and contribute to mesenchyme in the head (see 
Chapter 17). From the occipital región caudally, 
somitomeres further organize into somites. The 
first pair of somites arises in the occipital región of 
the embryo at approximately the 20th day of de- 
velopment (Fig. 6.2C>D). From here, new somites 
appear in craniocaudal sequence (Fig. 6.10) at a 
rate o f approximately three pairs per day until, at 
the end of the fifLh week, 42 to 44 pairs are pres- 
ent (Figs. 6.4B and 6.10). There are 4 occipital, 
8 cervical, 12 thoracic, 5 lumbar, 5 sacral, and 8 to 
10 coccygeal pairs. The first occipital and the last 
five to seven coccygeal somites later disappear, 
while the remaining somites form the axial skele- 
ton (see Chapter 10). Because somites appear with 
a specified periodicity, the age of an embryo can 
be accurately determined during this early time 
period by counting somites (Table 6.2).

Number of Somites Correlated to 
Approximate Age in Days

Approximate Age (d) Number of Somites
20 1-4
21 4-7
22 7-10
23 10-13
24 13-17
25 17-20
26 2 0 -23
27 23-26
28 26-29
30 34-35

Molecular Regulatlon ofSom ite Formation
Formation of segmented somites from un- 
segmented presomitic (paraxial) mesoderm 
(Fig. 6.10) depends on a segmentation dock 
established by cyclic expression of a number of 
genes. The cyclic genes include members o f the 
N O TCH  and WNT  signaling pathways that are 
expressed in an oscillating pattern in presomitic 
mesoderm. Thus, Notch protein accumulates in

Somites

FIGURE 6.10 Dorsal view of somites forming along the neural tube [the ectoderm has been partially 
removed], Somites form from unsegmented presomitic paraxial mesoderm caudally and become segmented 
in more cranially positioned regions.
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presomitic mesoderm destinad to form the next 
somite and then decreases as that somite is es- 
tablished. The increase in Notch protein activates 
other segment-patterning genes that establish the 
somite. Boundaries for each somite are regulated 
by RA and a combination o f FGF8 and WNT3a. 
RA is expressed at high concentrations cranially 
and decreases in concentration caudally, whereas 
the combination of FGF8 and W N T3a proteins 
is expressed at higher concentrations caudally and

lower ones cranially. These overlapping expres- 
sion gradients contiol the segmentation dock and 
activity of the NOTCH pathway.

Somite Differentiation
When somites first form from presomitic meso­
derm, they exist as a ball of mesoderm (fibroblast- 
like) cells. These cells then undergo a process 
o f epithelization and arrange themselves in a 
donut shape around a small lumen (Fig. 6.11).

Neural folds

Dermatome 

Myotome 

Sclerotome

FIGURE 6.11 Stages in the development of a somite. A. Mesoderm cells that have undergone epithelization 
are arranged around a small cavity. B. Cells from the ventral and medial walls of the somite lose their epi- 
thelial arrangement and migrate around the neural tube and notochord. Collectively, these cells constitute 
the sclerotome that will form the vertebrae and ribs. Meanwhile, cells at the dorsomedial and ventrolateral 
regions differentiate into muscle precursor cells, whereas cells that remain between these locations form 
the dermatome. C. Both groups of muscle precursor cells become mesenchymal and migrate beneath the 
dermatome to form the dermomyotome (B,C), whereas some cells from the ventrolateral group aiso migrate 
into the parietal layer of lateral píate mesoderm. D. Eventually, dermatome cells aiso become mesenchymal 
and migrate beneath the ectoderm to form the dermis of the back (D).
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By the beginning of the fourth week, cells in the 
ventral and medial walls of the somite lose their 
epithelial characteristics, become mesenchy- 
mal (fibroblast-like) again, and shift their posi- 
tion to surround the neural tube and notochord. 
Collectively, these cells form the sclerotome that 
will differentiate into the vertebrae and ribs (see 
Chapter 10). Cells at the dorsomedial and ven- 
trolateral edges o f the upper región o f the somite 
form precursors for muscle ceUs, whereas cells 
between these two groups form the dermatome 
(Fig. 6.11B). Cells from both muscle precursor 
groups become mesenchymal again and migrate 
beneath the dermatome to create the dermo- 
myotome (Fig. 6.11C,D). In addition, cells from 
the ventrolateral edge migrate into the parietal 
layer of lateral píate mesoderm to form most of 
the musculature for the body wall (external and 
internal oblique and transversus abdominis mus- 
cles) and most o f the limb muscles (Fig. 6.11B; 
see Chapter 11). Cells in the dermomyotome ul- 
timately form dermis for the skin of the back and 
muscles for the back, body wall (intercostal mus­
cles), and some limb muscles (see Chapter 11).

Each myotome and dermatome retains its 
innervation from its segment o f origin, no mat- 
ter where the cells migrate. Henee, each somite 
forms its own sclerotome (the tendón cartilage 
and bone component), its own myotome (pro- 
viding the segmental muscle component), and 
its own dermatome, which forms the dermis of 
the back. Each myotome and dermatome also 
has its own segmental nerve component.

Molecular Regulatlon of 
Somite Differentiation
Signáis for somite differentiation arise from sur- 
rounding structures, including the notochord, 
neural tube, epidermis, and lateral píate meso­
derm (Fig. 6.12). The secreted protein products of 
the NO GGIN  genes and sonic hedgehog (SHH), 
produced by the notochord and floor píate o f the 
neural tube, induce the ventromedial portion of 
the somite to become sclerotome. Once induced, 
sclerotome ceUs express the transcription factor 
PA X l, which initiates the cascade of cartilage- 
and bone-forming genes for vertebral formation. 
Expression of PAX3, regulated by WNT proteins 
from the dorsal neural tube, marks the dermo­
myotome región of the somite. WNT proteins 
from the dorsal neural tube also target the dorso- 
medial portion of the somite, causing it to initiate 
expression o f the muscle-specific gene M YF5 and

FIGURE 6.12 Expression patterns of genes that 
regú la te  somite differentiation. Sonic hedgehog 
[SHH] and noggin, secreted by the notochord and 
floor píate of the neural tube, cause the ventral part 
of the som ite  to fo rm  sc le ro tom e  and to e xpress 
PAXl, which in turn Controls chondrogenesis and 
vertebrae formation. WNT proteins from the dor­
sal neural tube actívate PAX3, which demarcates 
the dermomyotome. WNT proteins also direct the 
dorsomedial portion of the somite to differenti­
ate into muscle precursor cells and to express the 
muscle-specific gene MYF5. The mid-dorsal por­
tion o f the somite is directed  to  become dermis 
by neurotrophin 3 [NT-3] expressed by the dorsal 
neural tube. Additional muscle precursor cells are 
formed from the dorsolateral portion of the so­
mite under the combined influence o f activating 
WNT proteins and inhibitory bone morphogenetic 
protein 4 [BMP4] protein, which together actívate 
MyoD expression.

to form primaxial muscle precursors. Interplay be­
tween the inhibiting protein BMP4 (and probably 
FGFs) from the lateral píate mesoderm and acti­
vating WNT products from the epidermis direct 
the dorsolateral portion of the somite to express 
another muscle-specific gene, MYOD, and to form 
primaxial and abaxial muscle precursors. The mid- 
portion of the dorsal epithelium of the somite is di­
rected by neurotrophin 3 (NT-3), secreted by the 
dorsal región of the neural tube, to form dermis.

Intermedíate Mesoderm
Intermedíate mesoderm, which temporarily 
connects paraxial mesoderm with the lateral 
píate (Figs. 6.8D and 6.9), differentiates into 
urogenital structures. In cervical and upper 
thoracic regions, it forms segmental cell clusters
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(ftiture nephrotomes), whereas more caudally, 
it forms an unsegmented mass o f tissue, the 
nephrogeníc cord. Excretory units o f the uri- 
nary system and the gonads develop from this 
partly segmented, parüy unsegmented interme­
díate mesoderm (see Chapter 16).

Lateral Píate Mesoderm 
Lateral píate mesoderm splits into parietal 
(somatic) and visceral (splanchnic) layers, 
which line the intraembryonic cavity and sur- 
round the organs, respectively (Figs. 6.8C,D, 
6.9, and 6.13A). Mesoderm from the parietal 
layer, together with overlying ectoderm, forms 
the lateral body wall folds (Fig. 6.13A). These 
folds, together with the head (cephalic) and tail 
(caudal) folds, cióse the ventral body wall. The 
parietal layer of lateral píate mesoderm then 
forms the dermis o f the skin in the body wall and 
limbs, the bones and connective tissue of the 
hmbs, and the sternum. In addition, sclerotome 
and muscle precursor cells that migrate into the 
parietal layer o f lateral píate mesoderm form 
the costal cartilages, limb muscles, and most 
of the body wall muscles (see Chapter 11). The 
visceral layer of lateral píate mesoderm, together 
with embryonic endoderm, forms the wall o f the 
gut tube (Fig. 6.135). Mesoderm cells of the pari­
etal layer surrounding the intraembryonic cavity 
form thin membranes, the mesothelial mem- 
branes, or serous membranes, which will line 
the peritoneal, pleural, and pericardial cavities 
and secrete serous fluid (Fig. 6.13B). Mesoderm 
cells o f the visceral layer form a thin serous 
membrane around each organ (see Chapter 7).

Blood and Blood Vesseis
Blood cells and blood vessels also arise from 
mesoderm. Blood vessels form in two ways: vas- 
culogenesis, whereby vessels arise from blood 
islands (Fig. 6.14), and angiogenesis, which 
entails sprouting from existing vessels. The first 
blood islands appear in mesoderm surrounding 
the wall o f the yolk sac at 3 weeks of develop- 
ment and slightly later in lateral píate mesoderm 
and other regions (Fig. 6.15). These islands arise 
from mesoderm cells that are induced to form 
hemangioblasts, a common precursor for vessel 
and blood cell formation.

Although the first blood cells arise in blood 
islands in the wall o f the yolk sac, this popula- 
tion is transitory. The definitive hematopoi- 
etic stem cells are derived from mesoderm 
surrounding the aorta in a site near the devel- 
oping mesonephric kidney called the aorta- 
gonad-mesonephros región (AGM). These cells 
colonize the liver, which becomes the major he- 
matopoietic organ o f the embryo and fetus from 
approximately the second to seventh months of 
development. Stem cells from the liver colonize 
the bone marrow, the definitive blood-forming 
tissue, in the seventh month o f gestation; there- 
after, the liver loses its blood-forming function.

Molecular Regulation of  
Blood Vessel Formation
FGF2 induces blood island development from 
competent mesoderm cells that form heman­
gioblasts. Hemangioblasts are directed to form 
blood cells and vessels by vascular endothe- 
lial growth factor (VEGF), which is secreted

Amniotic cavity 

Mesonephros

Body wall

Intraembryonic j i ,  
cavity

Wall of gut

B

Parietal
mesoderm

layer

Serous membrane 
(peritoneum)

FIGURE 6.13 A. Cross section through a 21-day embryo in the región of the mesonephros showing parietal 
and visceral mesoderm layers. The intraembryonic cavities communicate with the extraembryonic cavity 
(chorionic cavity]. B. Section at the end o f the fourth week. Parietal mesoderm and overlying ectoderm form 
the ventral and lateral body wall. Note the peritoneal [serous) membrane.
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Hemangioblasts Tube formation

(FItl)

FIGURE 6.14 Blood vesseis form in two ways: vasculogenesis (top), in which vesseis arise from blood 
islands, and angiogenesis (bottom), in which new vesseis sprout from existing ones. During vasculogenesis, 
fibroblast growth factor 2 (FGF2) binds to its receptor on subpopulations of mesoderm cells and induces 
them to form hemangioblasts. Then, under the influence of vascular endothelial growth factor [VEGF] acting 
through two different receptors, these cells become endothelial and coalesce to form vessels. Angiogenesis 
is aiso regulated by VEGF, which stimulates proliferation of endothelial cells at points where new vessels 
will sprout from existing ones. Final modeling and stabilization of the vasculature are accomplished by PDGF 
and TGF-p.

Amniotic cavity

Allantois

Yolk sao 
cavity

Blood island

Yolk sac'

FIGURE 6.15 Extraembryonic blood vessei formation in the 
yolk sac in a presomite embryo o f approximately 19 days.

Chorion

Blood vessel

i, chorion, connecting stalk, and wail of the
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by surrounding mesoderm cells. The signal to 
express VEGF may involve H 0X B5, which up- 
regulates the VEGF receptor FLK l (Fig. 6.14). 
Hemangioblasts in the center o f blood islands 
form hematopoietic stem cells, the precur- 
sors o f all blood cells, whereas peripheral 
hemangioblasts diíFerentiate into angioblasts, 
the precursors to blood vessels. These angio­
blasts proliferate and are eventually induced to 
form endothelial cells by VEGF secreted by sur­
rounding mesoderm cells (Fig. 6.14). This same 
factor then regulates coalescence o f these endo­
thelial cells into the first primitive blood vessels.

Once the process o f vasculogenesis estab- 
lishes a primary vascular bed, which includes 
the dorsal aorta and cardinal veins, additional 
vasculature is added by angiogenesis, the sprout- 
ing of new vessels (Fig. 6.14). This process is also 
mediated by VEGF, which stimulates prolifera- 
tion of endothelial cells at points where new ves­
sels are to be formed. Maturation and modeling 
o f the vasculature are regulated by other growth

factors, including platelet-derived growth factor 
(PDGF) and TGF-p, until the adult pattern is es- 
tablished. Specification o f arteries, veins, and the 
lymphatic system occurs soon after angioblast in- 
duction. SHH, secreted by the notochord, induces 
surrounding mesenchyme to express VEGF. In 
turn, VEGF expression induces the NOTCH 
pathway (a transmembrane receptor pathway), 
which specifies arterial development through ex­
pression of EPHRINB2  (ephrins are ligands that 
bind to Eph receptors in a pathway involving ty- 
rosine kinase signaling). In addition to speciíying 
arteries, expression of EPHR1NB2 suppresses ve- 
nous cell fate. NOTCH signaling also upregulates 
expression of EPHB4, a vein-specific gene, but 
how this gene and others specify venous develop­
ment is not clear. On the other hand, PRO Xl, a 
homeodomain-containing transcription factor, 
appears to be the master gene for lymphatic vessel 
differentiation. Vessel outgrowth is patterned, not 
random, and appears to involve guidance factors 
similar to those employed by the nervous system.

Capillary Hemangiomas 

Capillary hemangiomas are abnorm ally dense 
collections o f capillary blood vessels th a t form  
the  m ost com m on tum ors  o f infancy, occur- 
ring in app rox im a te ly  10% o f all b irths. They 
m ay occur anyw here bu t are o ften associated 
w ith  craniofacial s tructu res (Fig. 6.164]. Facial 
lesions m ay be focal o r diffuse, w ith  diffuse

lesions causing m ore secondary com plica- 
tions, including ulcerations, scarring, and a ir- 
way obstruction  (m andibular hem angiom as; 
Fig. 6.16B]. INSULIN-LIKE GROWTH FACTOR 2 
is h igh iy expressed in the  lesions and m ay be 
one fac to r prom oting abnorm al vessel grow th. 
W hether or no t VEGF plays a role has no t been 
determ ined.

■A

FIGURE 6.16 A. Focal capillary hemangioma. B. Diffuse capillary hemangioma involving the oral cavity.
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■  DERIVATIVESOFTHE 
ENDODERMAL GERM LAYER

The gastrointestinal tract is the main organ sys- 
tem derived from the endodermal germ layer. 
This germ layer covers the ventral surface of 
the embryo and forms the roof o f the yolk sac 
(Fig. 6.17A). W ith development and growth 
o f the brain vesicles, however, the embryonic 
disc begins to bulge into the amniotic cavity. 
Lengthening o f the neural tube now causes the 
embryo to curve into the fetal position as the 
head and tail regions (folds) move ventrally 
(Fig. 6.17). Simultaneously, two lateral body 
wall folds form and also move ventrally to 
cióse the ventral body wall (Fig. 6.18). As the 
head and tail and two lateral folds move ven­
trally, they pulí the amnion down with them, 
such that the embryo lies within the amniotic 
cavity (Figs. 6.17 and 6.18). The ventral body

wall closes completely except for the umbili­
cal región where the connecting stalk and yolk 
sac duct remain attached (Figs. 6.17 and 6.19). 
Failure o f the lateral body folds to cióse the 
body wall results in ventral body wall defects 
(see Chapter 7).

As a result o f cephalocaudal growth and clo- 
sure o f the lateral body wall folds, a continu- 
ously larger portion of the endodermal germ 
layer is incorporated into the body of the em­
bryo to form the gut tube. The tube is divided 
into three regions: the foregut, midgut, and 
hindgut (Fig. 6.17C). The midgut communi- 
cates with the yolk sac by way of a broad stalk, 
the vitelline (yolk sac) duct (Fig. 6.17D). This 
duct is wide initially, but with further growth 
o f the embryo, it becomes narrow and much 
longer (Figs. 6.17D and 6.18B).

At its cephalic end, the foregut is tempo- 
rarily bounded by an ectoderm al-endoderm al

Amniotic 
Endoderm Cloacal

\  \  membrane
Ectoderm I

An
cel

Oropharyngeak" 
membrane

Midgut

FIGURE 6.17 Sagittal midline sections of embryos at various stages of development to demónstrate cepha­
locaudal folding and its effect on position of the endoderm-llned cavity. A. 17 days. B. 22 days. C. 24 days.
D. 28 days. Arrows, head and tail folds.
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FIGURE 6.18 Cross sections through embryos at various stages o f development to show the effect of 
lateral folding on the endoderm-lined cavity. A. Folding is Initiated. B. Transverse section through the 
m idgut to show the connection between the gut and yolk sac. C. Section just below the m idgut to show 
the closed ventral abdominal wall and gut suspended from the dorsal abdominal wall by its mesentery. 
/Arrows, lateral folds.

membrane called the oropharyngeal mem- 
brane (Fig. 6.17A,C). This membrane sepa- 
rates the stomodeum, the primitive oral cavity 
derived from ectoderm, from the pharynx, a 
part o f the foregut derived from endoderm. 
In the fourth week, the oropharyngeal m em­
brane ruptures, establishing an open connec­
tion between the oral cavity and the primitive 
gut (Fig. 6.17D ). The hindgut also terminales 
temporarily at an ectoderm al-endoderm al 
membrane, the cloacal m embrane (Fig. 6 .17C).

This membrane separates the upper part 
o f the anal canal, derived from endoderm, 
from the lower part, called the proctodeum , 
which is formed by an invaginating pit lined 
by ectoderm. The membrane breaks down 
in the seventh week to create the opening for 
the anus.

Another important result o f cephalocaudal 
growth and lateral folding is partial incorpo- 
ration o f the allantois into the body o f the em- 
bryo, where it forms the cloaca (Fig. 6.19A).

Esophagus

Stomodeum
Liver 

Gallbladdej- 
Vitelline duct 

AllantoiS' 
Proctodeum'

FIGURE 6.19 Sagittal sections through embryos showing derivatives of the endodermal germ layer.
A. Pharyngeal pouches, epithelial lining of the lung buds and trachea, liver, gallbladder, and pancreas.
B. The urinary bladder is derived from the cloaca and, at this stage of development, is in open connection 
with the allantois.
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The distal portion o f the allantois remains in 
the connecting stalk. By the fifth week, the 
yolk sac duct, allantois, and umbilical ves- 
seis are restricted to the umbilical región 
(Fig. 6.19).

The role of the yolk sac is not clear. It may 
function as a nutritive organ during the earliest 
stages o f development prior to the establishment 
o f blood vessels. It also contributes some o f the 
first blood cells, although this role is very transi- 
tory. One o f its main functions is to house germ 
cells that reside in its posterior wall and later mi- 
grate to the gonads to form eggs and sperm (see 
Chapter 16).

Henee, the endodermal germ layer initially 
forms the epithelial lining o f the primitive gut 
and the intraembryonic portions of the allan­
tois and vitelline duct (Fig. 6.19A). During fur- 
ther development, endoderm gives rise to the 
foUowing:

■ The epithelial lining o f the respiratory tract
■ The parenchyma of the thyroid, parathy- 

roids, liver, and pancreas (see Chapters 15 
and 17)

■ The reticular stroma of the tonsils and the 
thymus

■ The epithelial lining o f the urinary bladder 
and the urethra (see Chapter 16)

■ The epithelial lining o f the tympanic cavity 
and auditory tube (see Chapter 19)

■  PATTERNINGOFTHE 
ANTEROPOSTERIOR AXIS: 
REGULATION BY HOMEOBOX GENES

Homeobox genes are known for their 
homeodomain, a DNA-binding motif, the 
homeobox. They code for transcription fac- 
tors that actívate cascades o f genes regulating 
phenomena such as segmentation and axis 
formation. Many homeobox genes are col- 
lected into hom eotic clusters, although other 
genes also contain the homeodomain. An 
important cluster o f genes specifying the cra- 
niocaudal axis is the homeotic gene complex 
H om -C  in D rosophila. These genes, which con­
tain the A n ten n ap ed ia  and B ith o ra x  classes 
o f homeotic genes, are organized on a single 
chromosome as a functional unit. Thus, genes 
specifying more cranial structures lie at the 3' 
end o f the DNA and are expressed first, with

genes controlling posterior development ex­
pressed sequentially and lying increasingly 
toward the 5' end (Fig. 6.20). These genes are 
conserved in humans, existing as four cop­
ies—HOXA, HOXB, HOXC, and HO XD — 
which are arranged and expressed like those 
in D rosophila. Thus, each cluster lies on a 
separate chromosome, and the genes in each 
group are numbered 1 to 13 (Fig. 6.20). Genes 
with the same number, but belonging to dif- 
ferent clusters, form a paralogous group, such 
as H 0X A 4, H 0X B 4, H 0X C 4, and H 0X D 4. 
The pattern o f expression o f these genes, along 
with evidence from knockout experiments in 
which mice are created that lack one or more 
o f these genes, supports the hypothesis that 
they play a role in cranial-to-caudal pattern- 
ing o f the derivatives o f all three germ layers. 
For example, an overlapping expression pat­
tern o f the HO X  code exists in the somites and 
vertebrae, with genes located more toward the 
3' end in each cluster being expressed in and 
regulating development o f more cranial seg- 
ments (Fig. 6.20).

■  EXTERNALAPPEARANCE DURING 
THESECONDMONTH_____________

At the end o f the fourth week, when the embryo 
has approximately 28 somites, the main external 
features are the somites and pharyngeal arches 
(Fig. 6.21). The age o f the embryo is therefore 
usually expressed in somites (Table 6.2, p. 80). 
Because counting somites becomes difficult dur­
ing the second month o f development, the age 
o f the embryo is then indicated as the crown- 
nim p length (CRL) and expressed in millime- 
ters (Table 6.3, p. 90). CRL is the measurement 
from the vertex o f the skuU to the midpoint be- 
tween the ápices of the buttocks.

During the second month, the external 
appearance of the embryo is changed by an 
increase in head size and formation o f the limbs, 
face, ears, nose, and eyes. By the beginning of 
the fifth week, forelimbs and hind limbs appear 
as paddle-shaped buds (Fig. 6.22). The former 
are located dorsal to the pericardial swelling at 
the level o f the fourth cervical to the first tho- 
racic somites, which explains their innervation 
by the brachial plexus. Hind limb buds ap­
pear slightly later just caudal to attachment of
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lab pb Zen Dfd Ser Antp Ubxabd-A abd-B 
ANT-C (3) □  ■  ■  ■  D - \ \  ■  ■  ■  BX-C
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FIGURE 6.20 Drawing showing the arrangement of homeobox genes of the Antennopedio [ANT-C] and 
Bithorax [BX-C] classes of Drosophila and conserved homologous genes of the same classes in humans. 
During evolution, these genes have been duplicated, such that humans have four copies arranged on four 
different chromosomes. Homology between Drosophila genes and those in each cluster o f human genes is 
indicated by color. Genes with the same number, but positioned on different chromosomes, form a paralo- 
gous group. Expression of the genes is In a cranial-to-caudal direction from the 3 ' (expressed early) to the 
5' (expressed later] end as indicated in the fiy and mouse embryo diagrams. Retinóle acid [RA] modulates 
expression of these genes, with those at the 3' end being more responsive to  the compound.

FIGURE 6.21 A. Lateral view of a 28-somite human embryo. The main externa! features are the pharyngeal 
arches and somites. Note the pericardial liver bulge. B. The same embryo taken from a different angle to 
demónstrate the size of the yolk sac.
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Crown-Rump Length Correlated to  
Approximate Age in Weeks__________________

Crown-Rump 
Length (mm) Approximate Age (wk)

5 -8
10-14
17-22
2 8 -30

the umbilical stalk at the level o f the lumbar 
and upper sacral somites. With further growth, 
the terminal portions o f the buds flatten, and a 
circular constriction separates them from the 
proximal, more cylindrical segment (Fig. 6.23). 
Soon, four radial grooves separating five slightly 
thicker areas appear on the distal portion o f the 
buds, foreshadowing formation o f the digits 
(Fig. 6.23).

These grooves, known as rays , appear in the 
hand región first and shortly afterward in the 
foot, as the upper limb is slightly more advanced 
in development than the lower limb. While fin- 
gers and toes are being formed (Fig. 6.24), a sec-

FIGURE 6.22 Human embryo [CRL 9.8 mm, fifth 
week] [x29.9). The forelimbs are paddie-shaped.

ond constriction divides the proximal portion of 
the buds into two segments, and the three parts 
characteristic o f the adult extremities can be 
recognized (Fig. 6.25).

FIGURE 6.23 Human embryo [CRL 13 mm, sixth week] showing the yolk sac in the chorionic cavity.
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Clinical Correlates

Birth Defects
Most m ajor organs and organ system s are 
fo rm ed during the third to  eighth weeks. 
This period, which is critica l fo r norm al de- 
velopm ent, is the re fo re  called the  period o f 
organogénesis or embryogenesis. Stem cell 
populations are establish ing each o f the  organ 
prim ordia, and these in teractions are sensitive 
to  insu lt from  genetic and environm enta l in flu ­
entes. Thus, from  the third to  eighth weeks 
is the tim e when most gross structural

birth defects are induced. U nfortunate ly, the 
m other m ay no t realize she is pregnant du r­
ing th is  critica l tim e, especially during the 
th ird  and fo u rth  weeks, wh ich are particu larly 
vulnerable. Consequently, she m ay no t avoid 
harm fu l in fluences, such as c igare tte sm oking 
and alcohol. Understanding the  main events of 
organogénesis is im po rtan t fo r identify ing  the 
t im e th a t a particu lar de fect was induced and, 
in turn , de term in ing possible causes fo r the 
m alform ation  (see Chapter 9].

FIGURE 6.24 Human embryo [CRL 21 mm, seventh week] [x4 ], The chorionic sao is open to  show the em- 
bryo In its amnlotlc sac. The yolk sac, umbilical cord, and vesseis in the chorionic píate of the placenta are 
clearly visible. Note the slze of the head In comparison wlth the rest of the body.
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FIGURE 6.25 Human embryo [CRL 25 mm, seventh to  eighth weeks], The chorion and the amnion have been 
opened. Note the size of the head, the eye, the auricle of the ear, the well-formed toes, the sweiling in the 
umbilical cord caused by intestinal loops, and the yolk sac in the chorionic cavity.

S U M M A R Y
The embryonic period, which extends from the 
third to the eighth weeks of development, is 
the period during which each o f the three germ 
layers, ectoderm, mesoderm, and endoderm, 
gives rise to its own tissues and organ systems. 
As a result of organ formation, major features 
of body form are established (Table 6.4, p. 93).

The ectodermal germ layer gives rise to the 
organs and structures that maintain contad 
with the outside world:

■ Central nervous system
■ Peripheral nervous system
■ Sensory epithelium of ear, nose, and eye
■ Skin, including hair and nails
■ Pituitary, mammary, and sweat glands and 

enamel o f the teeth

Induction o f the neural píate is regulated by 
inactivation o f the growth factor BMP4. In 
the cranial región, inactivation is caused by 
noggin, chordin, and foUistatin secreted by the 
node, notochord, and prechordal mesoderm.

Inactivation o f BM P4 in the hindbrain and spi- 
nal cord regions is eíFected by W NT3a and FGF. 
In the absence o f inactivation, BM P4 causes ec­
toderm to become epidermis and mesoderm to 
ventralize to form intermedíate and lateral píate 
mesoderm.

Important components o f the mesodermal 
germ layer are paraxial, intermedíate, and lat­
eral píate mesoderm. Paraxial mesoderm forms 
somítomeres, which give rise to mesenchyme 
of the head and organize into somites in oc­
cipital and caudal segments. Somites give rise 
to the myotome (muscle tissue), sclerotome 
(cartilage and bone), and dermatome (dermis 
o f the skin), which are aU supportíng tissues of 
the body. Signáis for somite diíFerentiation are 
derived from surrounding structures, includ­
ing the notochord, neural tube, and epidermis. 
The notochord and floor píate o f the neural tube 
secrete SHH, which induces the sclerotome.

Two muscle-forming regions difFerentiate. 
One is induced in the dorsomedial región o f the 
somite by W NT proteins secreted by the dorsal
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Summary of Key Events during the Embryonic Period

Days Somites Length (mm) Figure Characteristic Features

14-15 0 0.2 6.1/\ Appearance o f prim itive streak

16-18 0 0.4 6.16 Notochordal process appears; hem opoietic cells 
in yolk sac

19-20 0 1.0-2.0 6.24 Intraem bryonic mesoderm spread under cranial 
ectoderm: prim itive streak continúes; umbilical 
vessels and cranial neural fo lds begin to  form

20-21 1-4 2.0 -3 .0 6.26,C Cranial neural fo lds elevated and deep neural 
groove established; em bryo begins to  bend

22-23 5-12 3.0-3.5 6.36,C Fusión o f neural fo lds begins in cervical región; 
cranial and caudal neuropores open widely; 
visceral arches 1 and 2 present; heart tube 
begins to fold

24-25 13-20 3.0 -4 .5 6.4 Cephalocaudal fo lding under way; cranial neuro- 
pore closing or closed; optic vesicles form ed; 
otic placodes appear

26-27 21-29 3.5-5.0 6.46 Caudal neuropore closing or closed; upper limb 
buds appear; three pairs of visceral arches

28 -3 0 3 0 -35 4 .0 -6 .0 6.214 Fourth visceral arch form ed; hind limb buds 
appear; o tic vesicle and lens placode

31-35 7.0-10.0 6.22 Forelimbs paddie-shaped; nasal pits form ed; 
em bryo tig h tiy  C-shaped

36 -42 9.0-14.0 6.23 Digital rays in hand and fo o t plates; brain 
vesicles prom inent; externa! auricle form s 
from  auricu lar hillocks; umbilical herniation 
in itiated

43 -4 9 13.0-22.0 6.24 Pigm entation o f retina visible; d igital rays sepá­
rate; nipples and eyelids form ed; m axillary 
sweilings fuse w ith  medial nasal sweilings as 
upper lip form s; prom inent umbilical herniation

50 -5 6 21.0-31.0 6.25 Limbs long, bent at elbows, knees; fingers, toes 
free; face m ore humanlike; tail disappears; 
umbilical herniation persists to  end o f th ird 
month

portion o f the neural tube. The other is induced 
in the ventrolateral región of the somite by a 
combination o f BM P4 and FGF, secreted by 
lateral píate mesoderm, and by WNT proteins, 
secreted by the overlying ectoderm.

The dorsal midportion o f the somite becomes 
dermis under the influence of NT-3, secreted by 
the dorsal neural tube (Fig. 6.12). Mesoderm 
also gives rise to the vascular system (i.e., the 
heart, arteries, veins, lymph vessels, and all 
blood and lymph cells). Furthermore, it gives 
rise to the urogenital system: kidneys, gonads, 
and their ducts (but not the bladder). Finally, 
the spleen and cortex of the suprarenal glands 
are mesodermal derivatives.

The endodermal germ layer provides the 
epithelial lining of the gastrointestinal tract, 
respiratory tract, and urinary bladder. It also 
forms the parenchyma o f the thyroid, parathy- 
roids, liver, and pancreas. Finally, the epithelial 
lining o f the tympanic cavity and auditory tube 
originates in the endodermal germ layer.

Craniocaudal patterning of the embryonic 
axis is controlled by homeobox genes. These 
genes, conserved from D rosophila, are arranged 
in four clusters—HOXA, HOXB, HOXC, and 
HOXD—on  four different chromosomes. Genes 
toward the 3' end o f the chromosome control 
development o f more cranial structures; those 
more toward the 5 ' end regúlate differentiation
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of more posterior structures. Together, they reg­
úlate patterning o f the hindbrain and axis o f the 
embryo (Fig. 6.20).

As a result o f formation of organ systems and 
rapid growth o f the central nervous system, the 
initial flat embryonic disc begins to lengthen 
and to form head and tail regions (folds) that 
cause the embryo to curve into the fetal position. 
The embryo also forms two lateral body wall 
folds that grow ventrally and cióse the ventral 
body wall. As a result of this growth and fold- 
ing, the amnion is pulled ventrally and the em­
bryo lies within the amniotic cavity (Fig. 6.17). 
Connection with the yoUc sac and placenta is 
maintained through the vitelline duct and um­
bilical cord, respectively.

1. Describe the process of neurulation and in- 
clude definitions for the terms neural fo lds, 
neurál tube, and neural tube closure. Where 
is neural tube closure initiated and how does 
it proceed? W hat week in gestation is the pro­
cess completed? What happens if  neural tube

closure fails cranially? Caudally? W hat is an 
NTD and how can most be prevented?

2. W hat is the embryological origin o f neural 
crest cells? Are they ectodermal, mesodermal, 
or endodermal in origin? To what structures 
do they contribute? W hat protein is primar- 
ily responsible for their induction?

3. From what germ layer are somites formed? 
How are they organized, and what tissues do 
they form?

4. W hat are the two ways that blood vessels 
arise? W hat growth factor plays a key role in 
early blood cell and vessel formation? What 
type o f tumor is caused by abnormal prolif- 
erations o f capillary blood vessels?

5. What are the major subdivisions of the gut 
tube, and what germ layer gives rise to these 
parts? What structure forms a connection from 
the midgut to the yolk sac? What membranes 
cióse the gut tube cranially and caudally?

6. Why are the third to eighth weeks of em- 
bryogenesis so important for normal devel- 
opment and the most sensitive for induction 
o f structural defects?



■  A TUBE ON TOP OF A TUBE_______

During the third and fourth weeks, the top layer 
(ectoderm) o f the trilaminar embryonic disc 
forms the neural píate that rolls up into a tube 
to form the brain and spinal cord by the pro- 
cess called neunüation (see Chapter 6, p. 71).

Almost simultaneously, the ventral layer (endo- 
derm) rolls down to form the gut tube, such that 
the embryo consists o f a tube on top o f a tube: 
the neural tube dorsally and the gut tube ven- 
trally (Fig. 7.1). The middle layer (mesoderm) 
holds the two tubes together and the lateral píate 
component o f this mesoderm layer also splits

Paraxial 
mesoderm Intermedíate 

mesoderm

Parietal 
mesoderm w a ll of

layer amniotic cavity

Dorsal 
mesentery 

Visceral 
mesoderm 

Parietal 
mesoderm

FIGURE 7.1 Transversa sections through embryos at various stages of closure of the gut tube and ventral 
body wall. A. At approximately 19 days, intercellular clefts are visible In the lateral píate mesoderm. B. At 
20 days, the lateral píate is dlvlded Into somatic and visceral mesoderm layers that line the phmitive body 
cavity [Intraembryonic cavity]. C. By 21 days, the prim itive body cavity [intraembryonic cavity] is still in open 
communication with the extraembryonic cavity. D. By 24 days, the lateral body wall folds, consisting of the 
parietal layer of lateral píate mesoderm and overiying ectoderm are approaching each other in the midline.
E. At the end of the fourth week, visceral mesoderm layers are continuous with parietal layers as a double- 
layered membrane, the dorsal mesentery. Dorsal mesentery extends from the caudal lim it of the foregut to 
the end of the hindgut.

O
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into visceral (splanchnic) and parietal (somatic) 
layers. The visceral layer rolls ventrally and is 
intimately connected to the gut tube; the pari­
etal layer, together with the overlying ectoderm, 
forms the lateral body wall folds (one on each 
side of the embryo), which move ventrally and 
meet in the midline to cióse the ventral body 
wall (Fig. 7.1). The space between visceral and 
parietal layers o f lateral píate mesoderm is the 
primitive body cavity, which at this early stage 
is a continuous cavity, because it has not yet 
been subdivided into the pericardial, pleural, 
and abdominopelvic regions.

■  FORMATION OF THE BODY CAVITY

At the end of the third week, intraembryonic 
mesoderm differentiates into paraxial meso­
derm, which forms somitomeres and somites 
that play a major role in forming the skull and 
vertebrae; intermedíate mesoderm, which con­
tributes to the urogenital system; and lateral 
píate mesoderm, which is involved in forming 
the body cavity (Fig. 7.1). Soon after it forms as a 
solid mesodermal layer, clefts appear in the lat­
eral píate mesoderm that coalesces to split the 
sohd layer into two (Fig. 7 .IB): (1) the parietal 
(somatic) layer adjacent to the surface ectoderm 
and continuous with the extraembryonic pari­
etal mesoderm layer over the amnion. Together, 
the parietal (somatic) layer o f lateral píate me­
soderm and overlying ectoderm are called the 
somatopleure; (2) the visceral (splanchnic) 
layer adjacent to endoderm forming the gut 
tube and continuous with the visceral layer of 
extraembryonic mesoderm covering the yolk 
sac (Figs. 7 .IB ). Together, the visceral (splanch­
nic) layer o f lateral píate mesoderm and under- 
lying endoderm are called the splanchnopleure. 
The space created between the two layers o f lat­
eral píate mesoderm constitutes the primitive 
body cavity. During the fourth week, the sides 
o f the embryo begin to grow ventrally forming 
two lateral body wall folds (Fig. 7 .IB  and C). 
These folds consist o f the parietal layer of lat­
eral píate mesoderm, overlying ectoderm, and 
cells from adjacent somites that migrate into 
the mesoderm layer across the lateral somitic 
frontier (see Chapter 11, p. 156). As these folds 
progress, the endoderm layer also folds ven­

trally and closes to form the gut tube (Fig. 7. ID  
and E). By the end of the fourth week, the lateral 
body wall folds meet in the midline and fuse to 
cióse the ventral body wall (Fig. 7 .1C -£). This 
closure is aided by growth o f the head and tail 
regions (folds) that cause the embryo to curve 
into the fetal position (Fig. 7.2). Closure o f the 
ventral body wall is complete except in the re­
gión o f the connecting stalk (future umbilical 
cord). Similarly, closure o f the gut tube is com­
plete except for a connection from the midgut 
región to the yolk sac called the vitelline (yolk 
sac) duct (Fig. 7.2D). This duct is incorporated 
into the umbilical cord, becomes very narrow 
(Fig. 8.16, p. 118), and degenerates with the 
yolk sac between the second and third months 
o f gestation. (Note that throughout the process 
o f body cavity and gut tube development, the 
parietal and visceral layers o f lateral píate me­
soderm are continuous with each other at the 
junction o f the gut tube with the posterior body 
wall [Fig. 7.W ,E ].)

■  SEROUS MEMBRANES____________

Some cells o f the parietal layer o f lateral píate 
mesoderm lining the body wall of the primitive 
embryonic cavity become mesothelial and form 
the parietal layer of the serous membranes lin­
ing the outside o f the peritoneal, pleural, and 
pericardial cavities. In a similar manner, some 
cells of the visceral layer of lateral píate me­
soderm form the visceral layer of the serous 
membranes covering the abdominal organs, 
lungs, and heart (Fig. 7.1E). Visceral and pa­
rietal layers are continuous with each other as 
the dorsal mesentery (Fig. 7.1E), which sus- 
pends the gut tube from the posterior body wall 
into the peritoneal cavity. Dorsal mesentery 
extends continuously from the caudal limit of 
the foregut to the end of the hindgut. Ventral 
mesentery exists only from the caudal foregut 
to the upper portion o f the duodenum and re- 
sults from thinning o f mesoderm o f the septum  
transversum, a block of mesoderm that forms 
connective tissue in the liver and the central ten- 
don of the diaphragm (see Figs. 7.2D and 7.5). 
These mesenteries are double layers of perito- 
neum that provide a pathway for blood vessels, 
nerves, and lymphatics to the organs.
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Hindgut

Amniotic 
Endoderm cavity Cloacal
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Angiogenic 
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Foregut

Midgut

FIGURE 7.2 Midsagittal sections of embryos at various stages of development showing cephalocaudal fold- 
ing and its effects upon position of the heart, septum transversum, yolk sac, and amnion. Note that, as 
folding progresses, the opening of the gut tube into the yolk sac narrows until it forms a thin connection, 
the vitelline (yolk sac) duct, between the midgut and the yolk sac (D). Simultaneously, the amnion is pulled 
ventrally until the amniotic cavity nearly surrounds the embryo. A. 17 days. B. 22 days. C. 24 days. D. 28 days. 
Arrows, head and tail folds.

Clinical Correlates

Ventral Body Wall Defects 

Ventral body wall defects occur in the tho - 
rax, abdomen, and pelvis and ¡nvolve the heart 
(ectopia cordis), abdominal viscera (gastros- 
chisis], and /o r urogenital organs (bladder or 
cloacal exstrophy], depending upon the loca- 
t ion  and size o f the  abnorm ality. The m alform a- 
tions are due to a fa ilure of the ventra l body wall 
to  cióse and probably involve the  lateral body 
wall fo lds to  a greater ex ten t than the head and 
ta il folds. Thus, one or both o f the  lateral body 
wall fo lds fail to  progress ventra lly  or there  are 
abnorm alities in the  fusión process once they 
m eet in the midline. An om phalocele aiso rep- 
resents a ventra l body wall defect; however, its 
prim ary cause is no t due to  inh ib ition o f body

wall closure. Instead, th is abnorm ality occurs 
when a portion o f the gu t tube fails to  re tu rn  to  
the  abdominal cavity fo llow ing its normal her- 
niation in to the  umbilical cord (see p. 243].

Ectopia cordis occurs when la teral body 
wall fo lds fa il to  cióse the  m idline in the  tho - 
racic región causing the  heart to  lie outside 
the  body cav ity  (Fig. 7.3A). Sometim es, the 
closure defect begins a t the  caudal end o f the 
s ternum  and extends in to  the  upper abdomen 
resulting in a spectrum  o f abnorm alities called 
Cantrell pentalogy. This spectrum  includes 
ectopia cordis, defects in the  an te rio r región 
o f the  diaphragm , absence o f the pericardium , 
defects in the  s ternum , and abdom inal wall 

[continued ]
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i

/  (with 
'  epispadias)

Scrotum

FIGURE 7.3 Examples of ventral body wall defects due to failure of the ventral body v/all to  cióse. 
A. Ectopla cordls. The heart lies outslde the thorax, and there Is a cleft In the thoradc wall. B. Gastroschisis. 
Intestlnes have herniated through the abdominal wall to  the right of the umbilicus, the most common 
location for this defect. C. Bladder exstrophy. Closure in the pelvic región has failed. In males, the defect 
usually includes a spiit in the dorsum of the penis, a defect called epispadias. D. Cloacal exstrophy. 
A larger closure defect in which most of the pelvic región has failed to  cióse, leaving the bladder, part of 
the rectum, and the anal canal exposed.
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defects including om phalocele and gastros- 
chisis. (Note: Omphaloceles th a t m ay occur in 
Cantrell pen ta logy are secondary to  the  body 
w all closure defect, no t prim ary. The closure 
defect reduces the  size o f the  abdom inal cav- 
ity  and prevents the  retu rn o f the  in testina l 
loops from  the  um bilical cord; see p. 243).

Gastroschisis occurs when body wall c lo­
sure fails in the abdominal región (Fig. 7.3S]. As 
a result, in testinal loops herniate into the  am- 
niotic cavity through the defect, which usually 
lies to  the righ t of the umbilicus. The incidence 
of gastroschisis is increasing [3.5/10,000], and 
it  is m ost com mon in in fants from  th in  women 
younger than 20 years o f age. The defect can 
be detected by fetal u ltrasound and by elevated 
a -fe topro te in  [AFP] concentrations in maternal 
serum and the am niotic fluid. The malform ation 
is not associated w ith  chrom osome abnorm ali- 
ties, but o ther defects occur in 15% of cases. 
A ffected loops of bowel m ay be damaged by 
exposure to  am niotic fluid, which has a cor- 
rosive effect, or by tw is ting  around each other 
[volvulus] and compromising the ir blood suppiy.

Bladder or cloacal exstrophy results from  
abnorm al body wa ll closure in the  pelvic re­
gión. Bladder exstrophy represents a less 
severe closure defect in th is  región and oniy 
the  bladder is exposed (Fig. 7.3C; in males, the 
penis m ay be involved and epispadias [a sp iit

in the  dorsum  o f the  penis; see Chapter 16, 
p. 260] is com mon). Cloacal exstrophy results 
from  a m ore severe fa ilu re  o f body wall c lo ­
sure in the  pelvis such th a t the  bladder and 
rectum , which are derived from  the  cloaca (see 
Chapter 16, p. 260], are exposed (Fig. 7.3D).

Omphalocele represents ano ther ventra l 
body wall de fect (Fig. 7.4), bu t it  does no t arise 
from  a fa ilu re  in body wall closure. Instead, it 
orig inates when portions o f the gu t tube (the 
m idgut) th a t norm ally herniates in to  the  um ­
bilical cord during the  6 th  to  the  lO th  weeks 
(physiological umbilical herniation) fa ils  to  
retu rn to  the  abdom inal cav ity  (see Chapter 
15, p. 243]. Subsequently, loops o f bowel, and 
o ther viscera, including the  liver, m ay hern i­
ate in to  the  defect. Because the  um bilical cord 
is covered by a re flection  o f the  amnion, the 
defect is covered by th is  epithe lia l layer. [In 
contrast, loops o f bowel in gastroschisis are 
no t covered by am nion because they herniate 
th rough  the  abdom inal wa ll d irectly  in to  the 
am nio tic cavity.] Omphalocele, which occurs 
in 2.5/10,000 births, is associated w ith  high 
m orta lity  rates and severe m alform ations, in ­
cluding cardiac abnorm alities and neural tube 
defects. Furtherm ore, chrom osom e abnor­
m alities are present in 15% o f cases. Like gas­
trosch isis, om phaloceles are associated w ith  
elevated AFP concentrations.

FIGURE 7.4 Examples of omphaloceles, a defect that occurs when loops of bowel, which normally 
herniate into the umbilical cord during the 6th to  the lOth weeks of gestation [physiological umbilical 
herniation], fail to return to the body cavity. A. Drawing showing loops of herniated bowel within the um ­
bilical cord that have failed to return to the abdominal cavity. The bowel is covered by amnion because 
this membrane normally reflects onto the umbilical cord. B. Infant with an omphalocele. The defect is 
associated with other major malformations and chromosome abnormalities.
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■  DIAPHRAGMANDTHORACICCAVITY

The septum transversum is a thick píate of 
mesodermal tissue occupying the space between 
the thoracic cavity and the stalk of the yolk

sac (Fig. 7 .5 A y B ) .  The septum is derived from 
visceral (splanchnic) mesoderm surrounding 
the heart and assumes its position between the 
primitive thoracic and abdominal cavities when 
the cranial end o f the embryo grows and curves

Septum transversum

Intraembryonic body cavity

Hindgut

------ Closing cranial neural fold

Primitive pericardial cavity

Anterior intestinal portal

Lateral body wall fold

Posterior intestinal portal

Foregut

Sinus venosus

Septum
transversum Lung bud

Pleuropericardial
fold

Common cardinal 
vein 

Heart

FIGURE 7.5 A. Drawlng shov^ing the ventral view of an embryo at 24 days of gestation. The gut tube is 
closing, the anterior and posterior intestinal portáis are visible, and the heart lies in the primitiva pleuroperi­
cardial cavity, v^hich is partially separated from the abdominal cavity by the septum transversum. B. Portion 
of an embryo at approximately 5 weeks v/ith parts o f the body v/all and septum transversum removed to 
show the pericardioperitoneal canals. Note the slze and thickness of the septum transversum and llver cords 
penetratlng the septum. C. Growth of the lung buds Into the pericardioperitoneal canals. Note the pleuro­
pericardial folds.
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Pleural
cavity

Phrenic
nerve

FIGURE 7.6 A. Transformation of the pericardioperitoneal canals into the pleural cavities and formation of 
the pleuropericardial membranes. Note the pleuropericardial folds containing the common cardinal vein and 
phrenic nerve. Mesenchyme of the body wall forms the pleuropericardial membranes and definitive body 
wall. B. The thorax after fusión of the pleuropericardial folds with each other and with the root of the lungs. 
Note the position of the phrenic nerve, now in the fibrous pericardium. The right common cardinal vein has 
developed into the superior vena cava.

into the fetal position (Fig. 7.2B-D ). This sep­
tum dees not separate the thoracic and abdomi­
nal cavities completely but leaves large openings, 
the pericardioperitoneal canals, on each side of 
the foregut (Fig. 7.5B).

W hen lung buds begin to grow, they expand 
caudolaterally within the pericardioperito­
neal canals (Fig. 7.5C). As a result o f the rapid 
growth o f the lungs, the pericardioperitoneal 
canals become too small, and the lungs begin to 
expand into the mesenchyme of the body wall 
dorsally, laterally, and ventrally (Fig. 7.5C). 
Ventral and lateral expansión is posterior to 
the pleuropericardial folds. At first, these 
folds appear as small ridges projecting into 
the primitive undivided thoracic cavity (Fig. 
7.5C). W ith expansión o f the lungs, mesoderm 
of the body wall forms two components (Fig.
7.6): (1) the definitive wall o f the thorax and
(2) the pleuropericardial membranes, which 
are extensions o f the pleuropericardial folds 
that contain the com m on cardinal veins and 
phrenic nerves. Subsequently, descent o f the 
heart and positional changes o f the sinus ve­
nosas shift the common cardinal veins toward 
the midline, and the pleuropericardial mem­
branes are drawn out in mesentery-like fashion 
(Fig. 7.6A). Finally, they fuse with each other 
and with the root o f the lungs, and the thoracic 
cavity is divided into the definitive pericardial

cavity and two pleural cavities (Fig. 7 .65). In 
the adult, the pleuropericardial membranes 
form the fibrous pericardium.

■  FORMATION OF THE DIAPHRAGM

Although the pleural cavities are separate from 
the pericardial cavity, they remain in open 
communication with the abdominal (perito- 
neal) cavity by way of the pericardioperitoneal 
canals (Fig. 7.5B). During further development, 
the opening between the prospective pleural 
and peritoneal cavities is closed by crescent- 
shaped folds, the pleuroperitoneal folds, 
which project into the caudal end o f the peri­
cardioperitoneal canals (Fig. 7.7A). Gradually, 
the folds extend medially and ventrally, so that 
by the seventh week, they fuse with the mes- 
entery o f the esophagus and with the septum 
transversum (Fig. 7 .75). Henee, the connection 
between the pleural and peritoneal portions 
o f the body cavity is closed by the pleuroperi­
toneal membranes. Further expansión o f the 
pleural cavities relative to mesenchyme o f the 
body wall adds a peripheral rim to the pleuro­
peritoneal membranes (Fig. 7.7C). Once this 
rim is established, myoblasts originating from 
somites at cervical segments three to five 
(C 3 -5 ) penetrate the membranes to form the 
muscular part o f the diaphragm.
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Pericardioperitoneal 
Pleuroperitoneal / canal 

\ fold .

Esophagus 
mesentery 

Aorta /  Pleuroperitoneal 
membrane. 

Esophagus

 ̂Septum transversum

FIGURE 7.7 Development of the diaphragm. A. Pleuroperitoneal folds appear at the beginnlng of the flfth 
week. B. Pleuroperitoneal folds fuse wlth the septum transversum and mesentery of the esophagus in the 
seventh week, separatlng the thoraclc cavlty from the abdominal cavity. C. Transverse section at the fourth 
month of development. An additional rim derived from the body wall forms the most peripheral part of the 
diaphragm.

Clinical Correlates

Diaphragmatic Hernias 

A congenital diaphragm atic hernia, one o f
the  m ore com m on m alform ations in the  new- 
born [1/2,000], ¡s m ost frequen tly  caused by 
fa ilu re  o f one or both o f the  p leuroperitoneal 
m em branes to  cióse the  pericardioperitoneal 
canals (Fig. 7.8). In th a t case, the  peritoneal

B -

and pleural cavities are continuous w ith  one 
ano ther along the  posterio r body wall. This 
hernia allow s abdom inal viscera to  enter 
the  pleural cavity. In 85%  to  90%  of cases, 
the  hernia is on the le ft side, and in testina l 
loops, stomach, spieen, and part o f the liver 
m ay enter the  thorac lc  cav ity  [Fig. 7.8). The

O pening between s ternal Inferior 
and costa l heads vena cava 

Centra l O pening for
tendón '• esophagus

Diaphragm
pleuroperitoneal

m em brane

FIGURE 7.8 Congenital diaphragmatic hernia. A. Abdominal surface of the diaphragm shov/ing a large 
defect of the pleuroperitoneal membrane. B. Hernia of the intestinal loops and part of the stomach into 
the le ft pleural cavity. The heart and mediastinum are frequently pushed to the right, and the le ft lung is 
compressed. C. Radiograph of a nev/born v^ith a large defect in the le ft side of the diaphragm. Abdominal 
viscera have entered the thorax through the defect.
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abdom inal viscera in the  chest push the  heart 
an terio rly  and com press the  lungs, which are 
com m only hypoplastic. A large defect is as- 
sociated w ith  a high rate o f m orta lity  [75%] 
from  pulm onary hypoplasia and dysfunction. 
Occasionally, a small pa rt o f the m uscular f i-  
bers o f the diaphragm  fa ils to  develop, and a 
hernia m ay remain undiscovered until the  child 
is several years oíd. Such a defect, frequen tly  
seen in the  an te rio r portion o f the  diaphragm,

is a parasternal hernia. A small peritoneal 
sac conta in ing in testina l loops m ay en te r the 
chest between the  sternal and costal portions 
o f the  diaphragm  (Fig. 7.84).

A nother type o f d iaphragm atic hernia, 
esophageal hernia, is th o u g h t to  be due to  
congenital shortness o f the  esophagus. Upper 
portions o f the  stom ach are reta ined in the 
thorax, and the stomach Is constricted a t the 
level o f the  diaphragm .

Thus, the diaphragm is derived from the fol- 
lowing structures:

■ The septum transversum, which forms the 
central tendón o f the diaphragm

■ The two pleuroperitoneal membranes
■ Muscular components from somites at cervi­

cal segments three to five
■ The mesentery o f the esophagus, in which the 

crura of the diaphragm develop (Fig. 7.7C)

During the fourth week, the septum transver­
sum lies opposite cervical somites, and nerve 
components o f the third, fourth, and fifth 
cervical segments of the spinal cord grow 
into the septum. At first, the nerves, known as 
phrenic nerves, pass into the septum through 
the pleuropericardial folds (Fig. 7.5B). This 
explains why further expansión o f the lungs and 
descent o f the septum shift the phrenic nerves 
that innervate the diaphragm into the fibrous 
pericardium (Fig. 7.6).

Although the septum transversum lies op­
posite cervical segments during the fourth week, 
by the sixth week, the developing diaphragm is 
at the level of thoracic somites. The reposition- 
ing o f the diaphragm is caused by rapid growth 
of the dorsal part o f the embryo (vertebral col- 
umn), compared with that of the ventral part. By 
the beginning o f the third month, some o f the 
dorsal bands of the diaphragm origínate at the 
level o f the first lumbar vertebra.

The phrenic nerves supply the diaphragm with 
its m otor and sensory innervation. Because the 
most peripheral part of the diaphragm is derived 
from mesenchyme of the thoracic wall, it is gen- 
erally accepted that some of the lower intercostal 
(thoracic) nerves contribute sensory fibers to the 
peripheral part o f the diaphragm.

S U M M A R Y
At the end of the third week, the neural tube is 
elevating and closing dorsally while the gut tube 
is roUing and closing ventraUy to create a “tube 
on top o f a tube.” Mesoderm holds the tubes 
together and the lateral píate mesoderm splits 
to form a visceral (splanchnic) layer associated 
with the gut and a parietal (somatic) layer that, 
together with overlylng ectoderm, forms the lat­
eral body wall folds. The space between the vis­
ceral and parietal layers of lateral píate mesoderm 
is the primitive body cavity (Fig. 7.1). When the 
lateral body wall folds move ventrally and fuse in 
the midline, the body cavity is closed, except in 
the región o f the connecting stalk (Figs. 7.1 and 
7.2). Here the gut tube maintains an attachment 
to the yolk sac as the yolk sac (vitelline) duct. 
The lateral body wall folds also pulí the amnion 
with them so that the amnion surrounds the 
embryo and extends over the connecting stalk, 
which becomes the umbilical cord (Fig. 7. ID  
and 7.2D). Failure of the ventral body wall to 
cióse results in ventral body wall defects, such 
as ectopia cordis, gastroschisis, and exstrophy 
of the bladder and cloaca (Fig. 7.3).

Parietal mesoderm will form the parietal 
layer of serous membranes lining the outside 
(walls) of the peritoneal, pleural, and peri- 
cardial cavities. The visceral layer will form 
the visceral layer of the serous membranes 
covering the lungs, heart, and abdominal or- 
gans. These layers are continuous at the root 
of each organ as the organs lie in their respec­
tive cavities. (This relationship is similar to the 
picture created when you stick a finger [organ] 
into the side o f a balloon: The layer o f the bal- 
loon surrounding the finger [organ] being the 
visceral layer, and the rest o f the balloon being
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the somatic or parietal layer. The space between 
is the “primitive body cavity.” The two layers of 
the balloon are continuous at the base [root] of 
the finger.) In the gut, the layers form the peri- 
toneum and in places suspend the gut from the 
body wall as double layers o f peritoneum called 
mesenteries (Fig. 7.1E). Mesenteries provide a 
pathway for vessels, nerves, and lymphatics to 
the organs. Initially, the gut tube from the cau­
dal end o f the foregut to the end of the hindgut is 
suspended from the dorsal body wall by dorsal 
mesentery (Fig. 7.1E). Ventral mesentery, de- 
rived from the septum transversum, exists only 
in the región o f the terminal part o f the esopha- 
gus, the stomach, and the upper portion o f the 
duodenum (see Chapter 15).

The diaphragm divides the body cavity into 
the thoracic and peritoneal cavlties. It devel- 
ops from four components: (1) septum trans­
versum (central tendón), (2) pleuroperitoneal 
membranas, (3) dorsal mesentery o f the esoph- 
agus, and (4) muscular components from  
somítes at cervical levels three to five (C 3-5) 
of the body wall (Fig. 7.7). Because the septum 
transversum is located initially opposite cervi­
cal segments three to five and because muscle 
cells for the diaphragm origínate from somites 
at these segments, the phrenic nerve also arises 
from these segments of the spinal cord (C3, C4, 
and C5 keep the diaphragm alive!). Congenital

diaphragmatic hernias involving a defect of 
the pleuroperitoneal membrane on the left side 
occur frequently.

The thoracic cavity is divided into the 
pericardial cavity and two pleural cavities for 
the lungs by the pleuropericardial membranas 
(Fig. 7.6).

Problems to Solve
1. A newborn infant cannot breathe and 

soon dies. An autopsy reveáis a large dia­
phragmatic defect on the left side, with the 
stomach and the intestines occupying the 
left side of the thorax. Both lungs are severely 
hypoplastic. What is the embryological basis 
for this defect?

2. A child is born with a large defect lateral to 
the umbilicus. Most of the large and the small 
bowel protrude through the defect and are 
not covered by amnion. What is the embryo­
logical basis for this abnormality, and should 
you be concerned that other malformations 
may be present?

3. Explain why the phrenic nerve, which sup- 
plies motor and sensory fibers to the dia­
phragm, originates from cervical segments 
when most o f the diaphragm is in the thorax. 
From which cervical segments does the nerve 
origínate?



■  DEVELOPMENTOFTHEFETUS

The period from the beginning o f the ninth 
week to birth is known as the fetal period. It is 
characterized by maturation o f tissues and or- 
gans and rapid growth o f the body. The length 
o f the fetus is usually indicated as the crown- 
rum p length (CRL) (sitting height) or as the 
crown-heel length (CHL), the measurement 
from the vertex o f the skull to the heel (stand- 
ing height). These measurements, expressed in 
centimeters, are correlated with the age o f the 
fetus in weeks or months (Table 8.1). Growth 
in length is particularly striking during the 
third, fourth, and fifth months, whereas an 
increase in weight is most striking during 
the last 2 months o f gestation. In general, 
the length o f pregnancy is considered to be 
280  days, o r 40  weeks after the onset o f the 
last norm al menstrual period (LNMP) or, 
m ore accurately, 266  days o r 38 weeks after 
fertilization. For the purposes o f the follow- 
ing discussion, age is calculated from the time 
o f fertilization and is expressed in weeks or 
calendar months.

Growth in Length and Weight 
during the Fetal Period

Age (wk) CRL (cm] W eight [g)

9-12 5 -8 10-45

13-16 9-14 6 0 -2 0 0

17-20 15-19 2 50 -45 0

21-24 20 -23 50 0 -8 2 0

25-28 24-27 900-1,300

29-32 28 -3 0 1,400-2,100

33-36 31-34 2,200-2 ,900

37-38 35-36 3 ,0 00 -3 ,400

CRL, crow n-rum p  length.

M o n th ly  C hanges

One of the most striking changes taking place 
during fetal life is the relative slowdown in growth 
o f the head compared with the rest of the body. 
At the beginning of the third month, the head con- 
stitutes approximately half of the CRL (Figs. 8.1 
and 8.2). By the beginning o f the fifth month, the 
size of the head is about one third o f the CHL, 
and at birth, it is approximately one quarter of the 
CHL (Fig. 8.2). Henee, over time, growth o f the 
body accelerates but that of the head slows down.

During the third month, the face becomes 
more human looking (Figs. 8.3 and 8.4). The 
eyes, initially directed laterally, move to the ven­
tral aspect o f the face, and the ears come to lie 
cióse to their definitive position at the side of 
the head (Fig. 8.3). The limbs reach their relative 
length in comparison with the rest o f the body, 
although the lower limbs are still a little shorter 
and less well developed than the upper extremi- 
ties. Prim ary ossifícation centers are present in 
the long bones and skull by the 12th week. Also 
by the 12th week, external genitalia develop to 
such a degree that the sex o f the fetus can be de- 
termined by external examination (ultrasound). 
During the sixth week, intestinal loops cause 
a large swelling (herniation) in the umbilical 
cord, but by the 12th week, the loops have with- 
drawn into the abdominal cavity. At the end of 
the third month, reflex activity can be evoked in 
aborted fetuses, indicating muscular activity.

During the fourth and fifth months, the fetus 
lengthens rapidly (Fig. 8.5 and Table 8.1), and at 
the end of the first half of intrauterine life, its CRL 
is approximately 15 cm, about half the total length 
o f the newborn. The weight o f the fetus increases 
litüe during this period and by the end of the fifth 
month is still <  500 g. The fetus is covered with fine 
hair, called lanugo hair; eyebrows and head hair 
are also visible. During the fifth month, move- 
ments of the fetus can be felt by the mother.
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FIGURE 8.1 A 9-week fetus. Note the large head size compared with that o f the rest of the body. The yolk 
sac and long vitelline duct are visible in the chorionic cavity. Note the umbilical cord and herniation of 
intestinal loops. One side of the chorion has many villi (chorion frondosum], whereas the other side is almost 
smooth [chorion laeve].

During the second half o f intrauterine life,
weight increases considerably, particularly dur­
ing the last 2.5 months, when 50% o f the full- 
term weight (approximately 3,200 g) is added. 
During the sixth month, the skin o f the fetus is 
reddish and has a wrinkled appearance because 
o f the lack o f underlying connective tissue.

A fetus born early in the sixth month has great 
difficuhy surviving. Although several organ sys- 
tems are able to function, the respiratory system 
and the central nervous system have not differ- 
entiated sufíiciently, and coordination between 
the two systems is not yet well estabhshed. By 6.5 
to 7 months, the fetus has a CRL o f about 25 cm

3rd month 5th month At birth

FIGURE 8.2 Size o f the head in relation to the rest of the body at various stages of development.
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FIGURE 8.3 An 11-week fetus. The umbilical cord 
stil! shows a sweiling at its base, caused by herniated 
intestinal loops. The skuli of this fetus lacks the normal 
smooth contours. Fingers and toes are well developed.

FIGURE 8.4 A 12-week fetus in útero. Note the 
extremely thin skin and underiying blood vessels. 
The face has all of the human characteristics, but 
the ears are still primitive. Movements begin at this 
time but are usually not fe it by the mother.

FIGURE 8.5 An 18-week fetus connected to the placenta by its umbilical cord. The skin of the fetus is thin 
because of lack of subcutaneous fat. Note the placenta with its cotyiedons and the amnion.
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Developmental Horizons During 
Fetal Life Event

________________________________ Age [wk]

Taste buds appear 7

Swailowing 10

Respiratory m ovem ents 14-16
Sucking m ovem ents 24
Some sounds can be heard 24-26
Eyes sensitive to  light° 28

“ Recognition o f fo rm  and co lor occurs postnata lly.

and weighs approximately 1,100 g. If  born at this 
time, the infant has a 90% chance o f surviving. 
Some developmental events occurring during 
the first 7 months are indicated in Table 8.2.

During the last 2 months, the fetus obtains 
well-rounded contours as the result o f deposi- 
tion o f subcutaneous fat (Fig. 8.6). By the end of 
intrauterine Ufe, the skin is covered by a whitish, 
fatty substance (vernix caseosa) composed of 
secretory products from sebaceous glands.

At the end o f the ninth month, the skull has 
the largest circumference o f all parts o f the body, 
an important fact with regard to its passage 
through the birth canal. At the time o f birth, the

FIGURE 8.6 A 7-month fetus. This fetus would be 
able to survive. It has well-rounded contours as a 
result of depositlon of subcutaneous fat. Note the 
twistlng of the umbilical cord.

weight o f a normal fetus is 3,000 to 3,400 g, its 
CRL is about 36 cm, and its CHL is about 50 cm. 
Sexual characteristics are pronounced, and the 
testes should be in the scrotum.

Time of Birth
The date o f birth is most accurately indicated 
as 266 days, or 38 weeks, after fertilization. The 
oocyte is usually fertilized within 12 hours of 
ovulation; however, sperm deposited in the re- 
productive tract up to 6 days prior to ovulation 
can survive to fertilize oocytes. Thus, most preg- 
nancies occur when sexual intercourse occurs 
within a 6-day period that ends on the day of 
ovulation. A pregnant woman usually will see 
her obstetrician when she has missed two suc- 
cessive menstrual bleeds. By that time, her rec- 
ollection about coitus is usually vague, and it is 
readily understandable that the day o f fertiliza­
tion is difficult to determine.

The obstetrician calculates the date o f birth 
as 280 days or 40 weeks from the first day o f the 
LNMP. In women with regular 28-day men­
strual periods, the method is fairly accurate, but 
when cycles are irregular, substantial miscalcu- 
lations may be made. An additional complica- 
tion occurs when the woman has some bleeding 
about 14 days after fertilization as a result of 
erosive activity by the implanting blastocyst (see 
Chapter 4, “Day 13,” p. 52). Henee, the day of 
delivery is not always easy to determine. Most 
fetuses are born within 10 to 14 days o f the cal- 
culated delivery date. If  they are born much ear- 
lier, they are categorized as prematura; if  born 
later, they are considered postmature.

Occasionally, the age of an embryo or small 
fetus must be determined. By combining data 
on the onset o f the last menstrual period with 
fetal length, weight, and other morphologi- 
cal characteristics typical for a given month 
o f development, a reasonable estimate o f the 
age o f the fetus can be formulated. A valuable 
tool for assisting in this determination is ul- 
trasound, which can provide an accurate (1 to 
2 days) measurement of CRL during the 7th to 
14th weeks. Measurements commonly used in 
the 16th to 30th weeks are biparietal diameter 
(BPD), head and abdominal circumference, 
and fémur length. An accurate determination 
o f fetal size and age is important for managing 
pregnancy, especially if  the mother has a small 
pelvis or if  the baby has a birth defect.
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Clinical Correlates

Low Birth W eight
There is considerable varia tion  in fe ta l length 
and weight, and som etim es these valúes do 
no t correspond w ith  the  calculated age o f 
the  fe tus in m onths or weeks. Most factors 
in fluendng  length and w e igh t are genetica lly 
determ ined, bu t environm enta l factors aiso 
play an im portan t role.

The average size o f a new born is 2,500 to
4 ,0 0 0  g (6 to  9 Ib] w ith  a length o f 51 cm [20 in], 
The te rm  low birth w eight (LBW) refers to  a 
w e igh t < 2 ,5 0 0  g, regardiess o f gestationa l 
age. Many in fants we igh < 2 ,5 0 0  g because 
they are preterm  (born before 37 weeks 
o f gestation]. In contrast, the te rm s intra- 
uterine grow th restriction (lUGR) and small 
for gestational age (SGA) take in to  account 
gestationa l age.

lUGR is a te rm  applied to  in fan ts  who do 
no t a tta in  th e ir  op tim al in trau te rine  grow th. 
These in fan ts  are patho log ica lly sm all and a t 
risk fo r poor outcom es. Infants who are SGA 
have a b irth  w e igh t th a t is below  the  lO th per- 
centile  fo r th e ir  gestationa l age. These babies 
m ay be patho log ica lly sm all (they m ay have 
lUGR) o r they m ay be cons titu tiona lly  small 
(healthy bu t sm aller in sizej. The challenge 
is to  d iffe ren tia te  the  tw o  cond itions so th a t 
hea lthy bu t sm all babies are no t subjected to 
h igh-risk protocols used fo r babies w ith  lUGR.

A pprox im ate ly  1 in 10 babies have lUGR 
and the re fo re  have an increased risk o f neu- 
ro log ical problems, congenital m alform ations, 
m econium  aspiration, hypoglycem ia, hypo- 
calcemia, and resp ira tory  d istress syndrom e 
[RDS). There are aiso long-term  effects  on 
these in fants: In o ther words, w h a t happens in

the  w om b does no t stay in the w om b and ad­
verse fe ta l exposures m ay predispose ind iv id ­
uáis to  hea lth problems as they ge t oider. For 
example, babies w ith  lUGR have been shown 
to  have a greater chance as adu lts to  develop 
a m etabolic disorder la ter in life, such as obe- 
s ity, hypertension, hypercho lestero lem ia , 
cardiovascular disease, and type 2 diabetes 
(called the  Barker hypothesis].

The incidence of lUGR is higher in blacks 
than in whites. Causative factors include 
chrom osom al abnorm alities; te ra togens; con­
genital in fections (rubella, cytom egalovirus, 
toxoplasm osis, and syphilis); poor m aternal 
health (hypertension and renal and cardiac 
disease): the m other’s nu tritiona l sta tus and 
socioeconom ic level; her use o f cigarettes, 
alcohol, and o ther drugs; placental insu ffi- 
ciency: and m últip le  b irths (e.g., tw ins, trip lets).

The m ajor g row th -p rom o ting  fa c to r dur- 
ing deve lopm ent before and a fte r b irth  is 
insulin-like grow th factor-l (IGF-I), which has 
mitogenic and anabolic effects. Fetal tissues 
express IGF-I, and serum leveis are corre lated 
w ith  fe ta l grow th. M uta tions in the  IGF-I gene 
resu lt in lUGR, and th is  g row th  reta rda tion Is 
continued a fte r b irth. In con tras t to  the  pre­
nata l period, postnata l g row th  depends on 
grow th hormone (GHj. This horm one binds to  
its  receptor [GHR], activa ting  a signal trans- 
duction pathw ay and resulting in synthesis 
and secretion o f IGF-I. M uta tions in the  GHR 
resu lt in Laron dwarfism, which is character- 
ized by m arked short s tature, and som etim es 
blue sciera. These indiv iduáis show  litt ie  or 
no lUGR because IGF-I production does not 
depend on GH during fe ta l developm ent.

■ FETAL MEMBRANES AND PLACENTA

The placenta is the organ that facihtates nutrient 
and gas exchange between the maternal and fetal 
compartments. As the fetus begins the ninth 
week o f development, its demands for nutri­
tional and other factors increase, causing major 
changes in the placenta. Foremost among these 
is an increase in surface area between maternal 
and fetal components to facilítate exchange. The 
disposition o f fetal membranes is also altered as 
production of amniotic fluid increases.

Changes in the Trophoblast
The fetal component of the placenta is derived 
from the trophoblast and extraembryonic meso- 
derm (the chorionic píate); the maternal compo­
nent is derived from the uterine endometrium. 
By the beginning o f the second month, the tro­
phoblast is characterized by a great number of 
secondary and tertiary villi, which give it a radial 
appearance (Fig. 8.7). Stem (anchoring) villi ex- 
tend from the mesoderm of the chorionic píate to 
the cytotrophoblast shell. The surface of the villi
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FIGURE 8.7 Human embryo at the beginning of the second month o f development. At the embryonic 
poie, villi are numerous and well formed; at the abembryonlc pole, they are fev/ In number and poorly 
developed.

is formed by the syncytium, resting on a layer of 
cytotrophoblastic cells that in turn cover a core 
ofvascular mesoderm (Fig. 8.8A,C). The capillary 
system developing in the core of the villous stems 
soon comes in contact with capillaries of the cho­
rionic píate and connecting stalk, thus giving rise 
to the extraembryonic vascular system.

Maternal blood is delivered to the placenta by 
spiral arteries in the uterus. Erosion of these ma­
ternal vessels to release blood into intervillous 
spaces (Figs. 8.7 and 8.8) is accomplished by 
endovascular invasión by cytotrophoblast cells. 
These cells, released from the ends o f anchoring 
villi (Figs. 8.7 and 8.8), invade the terminal ends 
o f spiral arteries, where they replace maternal 
endothelial cells in the vessels’ walls, creating hy- 
brid vessels containing both fetal and maternal 
cells. To accomplish this process, cytotropho­
blast ceUs undergo an epithelial-to-endothelial 
transition. Invasión o f the spiral arteries by 
cytotrophoblast cells transforms these vessels 
from small-diameter, high-resistance vessels to 
larger diameter, low-resistance vessels that can

provide increased quantities o f maternal blood 
to intervillous spaces (Figs. 8.7 and 8.8).

During the following months, numerous 
small extensions grow out from existing stem 
villi and extend as free villi into the surrounding 
lacunar or intervillous spaces. Initially, these 
newly formed free villi are primitive (Fig. 8.8C), 
but by the beginning o f the fourth month, 
cytotrophoblastic cells and some connective tis- 
sue cells disappear. The syncytium and endothe­
lial wall o f the blood vessels are then the only 
layers that separate the maternal and fetal circu- 
lations (Fig. 8.85,D). Frequently, the syncytium 
becomes very thin, and large pieces containing 
several nuclei may break oíf and drop into the 
intervillous blood lakes. These pieces, known 
as syncytial knots, enter the maternal circula- 
tion and usually degenerate without causing any 
symptoms. Disappearance o f cytotrophoblastic 
cells progresses from the smaller to larger villi, 
and although some always persist in large villi, 
they do not particípate in the exchange between 
the two circulations.
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Clinical Correlates

Preeclampsia is a cond ition  characterized by 
m ate rna l hype rtens ion and p ro te inu ria  due 
to  reduced organ perfus ión and occurs in 
a pp rox im a te ly  5%  o f pregnancies. The con­
d ition  m ay progress to  eclam psia, w h ich  is 
characterized by seizures. Preeclam psia be- 
g ins sudden ly  any tim e from  app rox im a te ly  
20 w eeks’ ges ta tion  to  te rm  and m ay resu lt 
in fe ta l g row th  re ta rda tion , fe ta l death, or 
dea th o f the  m other. In fac t, preeclam psia is 
a leading cause o f m ate rna l m o rta lity  in the 
United S tates and is com p le te ly  reversib le  by 
de live ry  o f the  baby. However, de live ry too  
early  puts  the  in fa n t a t risk  fo r  com plica- 
t io n s  re la ted to  p re te rm  b irth . Despite m any 
years o f research, th e  cause o f p reeclam p­
sia is unknow n. The cond ition  appears to  be

a tro p h o b la s tic  d iso rder re lated to  fa iled  or 
incom p le te  d iffe re n tia tio n  o f cy to tro p h o b la s t 
cells, m any o f wh ich do no t undergo th e ir  no r­
m al e p ith e lia l- to -e n d o th e lia l tran s fo rm a tion . 
As a resu lt, invasión o f m ate rna l blood ves- 
seis by these cells is rud im enta ry. How these 
ce llu la r abn o rm a lities  lead to  hype rtens ion 
and o th e r prob lem s is no t clear. Risk fac to rs  
fo r  preeclam psia include preeclam psia in a 
prev ious pregnancy, n u llip a rity  ( firs t p reg- 
nancy], obesity , fa m ily  h is to ry  o f p reeclam p­
sia, m ú ltip le  ges ta tion  (tw ins o r m ore], and 
m edica l cond itions, such as hype rtens ion 
and diabetes. Preeclam psia aiso com m only 
occurs in wom en w ith  hyda tid ifo rm  m oles 
(see Chapter 4, p. 56) in w h ich  case it  occurs 
early  in pregnancy.

Cytotrophoblast
Shell
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Intervillous 
space 
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Cytotrophoblast^

Barrierformed by
1. Syncytium
2. Cytotrophoblast
3. Connective tissue
4. Endothelium

Barrierformed by
1. Syncytium
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FIGURE 8.8 Structure of villi at various stages of development. A. During the fourth week. The extra- 
embryonic mesoderm penetrales the stem villi in the direction of the decidual píate. B. During the fourth 
month. In many small villi, the wall of the capillaries Is in direct contact with the syncytium. C,D. Enlargement 
of the villus as shown in Figures 8.8/4,6.
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■ CHORION FRONDOSUM AND 
DECIDUA BASALIS 

In the early weeks o f development, villi cover 
the entire surface of the chorion (Fig. 8.7). As 
pregnancy advances, villi on the embryonic pole 
continué to grow and expand, giving rise to the 
chorion írondosum (bushy chorion). Villi on the 
abembryonic pole degenerate, and by the third 
month, this side of the chorion, now known as the 
chorion laeve, is smooth (Figs. 8.9 and 8.10A).

The difFerence between the embryonic and 
abembryonic poles o f the chorion is also re- 
flected in the structure o f the decidua, the ftinc- 
tional layer o f the endometrium, which is shed 
during parturition. The decidua over the cho­
rion frondosum, the decidua basalis, consists 
o f a compact layer o f large cells, decidual cells, 
with abundant amounts o f lipids and glycogen. 
This layer, the decidual píate, is tightly con- 
nected to the chorion. The decidual layer over 
the abembryonic pole is the decidua capsularis 
(Fig. 8.10A). With growth of the chorionic vesi- 
cle, this layer becomes stretched and degenerates.

FIGURE 8.9 A 6-week embryo. The amniotic sao 
and chorionic cavity have been opened to  expose 
the embryo, showing the bushy appearance of 
the trophoblast at the embryonic pole in contrast 
to small villi a t the abembryonic pole. Note the 
connecting stalk and yolk sac with its extremely 
long vitelline duct.

Subsequently, the chorion laeve comes into con­
tad  with the uterine wall (decidua parietalis) 
on the opposite side o f the uterus, and the two 
fuse (Figs. 8.10 to 8.12), obliterating the uterine 
lumen. Henee, the only portion o f the chorion 
participating in the exchange process is the cho­
rion frondosum, which, together with the de­
cidua basalis, makes up the placenta. Similarly, 
fusión o f the amnion and chorion to form the 
amniochorionic membrane obliterates the 
chorionic cavity (Fig. 8.10A,B). It is this mem­
brane that ruptures during labor (breaking of 
the water).

■ STRUCTURE OF THE PLACENTA

By the beginning of the fourth month, the pla­
centa has two components: (1) a fetal portion, 
formed by the chorion frondosum, and (2) a 
maternal portion, formed by the decidua basa- 
lis (Fig. 8.10B). On the fetal side, the placenta is 
bordered by the chorionic píate (Fig. 8.13); on 
its maternal side, it is bordered by the decidua 
basalis, of which the decidual píate is most in- 
timately incorporated into the placenta. In the 
junctional zone, trophoblast and decidual cells 
intermingle. This zone, characterized by de­
cidual and syncytial giant cells, is rich in amor- 
phous extracellular material. By this time, most 
cytotrophoblast cells have degenerated. Between 
the chorionic and decidual plates are the inter- 
villous spaces, which are filled with maternal 
blood. They are derived from lacunae in the syn- 
cytiotrophoblast and are lined with syncytium 
of fetal origin. The villous trees grow into the 
intervillous blood lakes (Figs. 8.8 and 8.13).

During the fourth and fifth months, the de­
cidua forms a number o f decidual septa, which 
project into intervillous spaces but do not reach 
the chorionic píate (Fig. 8.13). These septa have 
a core o f maternal tissue, but their surface is 
covered by a layer o f syncytial cells, so that at 
all times, a syncytial layer separates maternal 
blood in intervillous lakes from fetal tissue of 
the villi. As a result ofthis septum formation, the 
placenta is divided into a number of compart- 
ments, or cotyledons (Fig. 8.14). Because the 
decidual septa do not reach the chorionic píate, 
contact between intervillous spaces in the vari- 
ous cotyledons is maintained.

As a result o f the continuous growth o f the 
fetus and expansión o f the uterus, the placenta
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FIGURE 8.10 Relation of fetal membranes to wall of the uterus. A. End of the second month. Note the yolk 
sac in the chohonic cavity between the amnion and chorion. At the abembryonic pole, villi have disappeared 
(chorion laeve]. B. End of the third month. The amnion and chorion have fused, and the uterine cavity is 
obliterated by fusión of the chorion laeve and the decidua parietalis.

also enlarges. Its increase in surface area roughly 
parallels that o f the expanding uterus, and 
throughout pregnancy, it covers approximately 
15% to 30% o f the internal surface o f the uterus. 
The increase in thickness o f the placenta re- 
sults from arborization o f existing villi and is 
not caused by further penetration into maternal 
tissues.

FIGURE 8.11 A 19-week fetus in its natural position 
in the uterus, showing the umbilical cord and pla­
centa. The lumen of the uterus is obliterated. In the 
wall of the uterus is a large growth, a myofibroma.

Full-Term Placenta
At fuU term, the placenta is discoid with a 
diameter of 15 to 25 cm, is approximately 3 cm 
thick, and weighs about 500 to 600 g. At birth, it 
is torn from the uterine wall and, approximately 
30 minutes after birth o f the child, is expelled 
from the uterine cavity as the afterbirth. When 
the placenta is viewed from the maternal side, 15 
to 20 slightly bulging areas, the cotyledons, cov- 
ered by a thin layer o f decidua basaiis, are clearly 
recognizable (Fig. 8.145). Grooves between the 
cotyledons are formed by decidual septa.

The fetal surface of the placenta is cov- 
ered entirely by the chorionic píate. A num- 
ber o f large arteries and veins, the chorionic 
vessels, converge toward the umbilical cord 
(Fig. 8.14A). The chorion, in turn, is covered 
by the amnion. Attachment o f the umbilical 
cord is usually eccentric and occasionally even 
marginal. Rarely, however, does it insert into 
the chorionic membranes outside the placenta 
(velamentous insertion).

Circulatíon of the Placenta
Cotyledons receive their blood through 80 to 
100 spiral arteries that pierce the decidual píate 
and enter the intervillous spaces at more or less 
regular intervals (Fig. 8.13). Pressure in these 
arteries forces the blood deep into the intervil­
lous spaces and bathes the numerous small villi 
o f the villous tree in oxygenated blood. As the
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FIGURE 8.12 A 23-week fetus in the uterus. Portions of the wall of the uterus and the amnion have been 
removed to  show the fetus. In the background are placental vesseis converging toward the umbilical cord. 
The umbilical cord is tightly wound around the abdomen, possibly causing abnormal fetal position in the 
uterus (breech position).

Decidual píate Endometrial veins
Spiral artery

Decidual septum

FIGURE 8.13 The placenta in the second half o f pregnancy. The cotyiedons are partially separated by the 
decidual (maternal) septa. Most of the Intervillous blood returns to the maternal circulation by way of the 
endometrial veins. A small portion enters neighboring cotyiedons. The intervillous spaces are lined by 
syncytium.
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umbilical cord
Cotyiedon Decidua basalis 

removed

FIGURE 8.14 A full-term  placenta. A. Fetal side. The chorionic píate and umbilical cord are covered by 
amnion. B. Maternal side showing the cotyiedons. In one area, the decidua has been removed. The mater­
nal side of the placenta is always carefully inspected at birth, and frequently one or more cotyiedons with 
a whitish appearance are present because of excessive fibrinoid formation and infarction of a group of 
Intervillous lakes.

pressure decreases, blood flows back from the 
chorionic píate toward the decidua, where it 
enters the endometrial veins (Fig. 8.13). Henee, 
blood from the intervillous lakes drains back 
into the maternal circulation through the endo­
metrial veins.

Collectively, the intervillous spaces o f a ma- 
ture placenta contain approximately 150 mL of 
blood, which is replenished about three or four 
times per minute. This blood moves along the 
chorionic viUi, which have a surface area of 4 to 
14 m .̂ Placental exchange does not take place 
in all villi, however, only in those that have 
fetal vessels in intímate contact with the cover- 
ing syncytial membrane. In these villi, the syn- 
cytium often has a brush border consisting of 
numerous microvilli, which greatly increases 
the surface area and consequently the exchange 
rate between maternal and fetal circulations 
(Fig. 8.8D). The placental membrane, which

separates maternal and fetal blood, is initially 
composed o f four layers: (1) the endothelial 
lining o f fetal vessels, (2) the connective tis- 
sue in the vlllus core, (3) the cytotrophoblastic 
layer, and (4) the syncytium (Fig. 8.8C). From 
the fourth month on, the placental membrane 
thins because the endothelial lining o f the ves­
sels comes in intímate contact with the syncy­
tial membrane, gready increasing the rate of 
exchange (Fig. 8.8D). Sometimes called the 
placental barrier, the placental membrane 
is not a true barrier, as many substances pass 
through it freely. Because the maternal blood 
in the intervillous spaces is separated from the 
fetal blood by a chorionic derivative, the human 
placenta is considered to be o f the hem ochorial 
type. Normally, there is no mixing o f maternal 
and fetal blood. However, small numbers o f fetal 
blood cells occasionally escape across micro- 
scopic defects in the placental membrane.

Clinical Correlates

Erythroblastosis Fetalis and Fetal Hydrops
Because some fe ta l blood cells escape across 
the  placental barrier, there is a potentia l fo r 
these cells to  e lic it an antibody response by 
the  m other’s imm une system. The basis fo r th is  
response is the  fac t th a t m ore than 40 0  red 
blood cell antigens have been identified, and 
although m ost do not cause problem s during 
pregnancy, som e can s tim ula te  a m aternal an­
tibody response aga inst fe ta l blood cells. This 
process is an exam ple o f isoimmunization,

w

and if  the m aternal response is suffic ien t, the 
antibodies w ill a ttack and hemolyze fe ta l red 
blood cells, resultíng in hemolytic disease 
of the fetus and newborn. Previously, the 
disease was called erythroblastosis fetalis  
because in some cases severe hemolysis 
s tim ula ted an increase in production o f fetal 
blood cells called erythroblasts. However, th is 
severity o f anemia occurs only in a few  cases 
such th a t hem olytic disease o f the  fe tus and 

[continued}
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newborn is a m ore appropriate term inology. 
In rare cases, the anemia becomes so severe 
th a t fetal hydrops [edema and effusions in to 
the  body cavities) occurs, leading to  fe ta l death 
(Fig. 8.15]. Most severe cases are caused by an- 
tigens from  the  CDE (Rhesus) blood group sys- 
tem. The D or Rh antigen is the m ost dangerous 
because im m unization can result from  a single 
exposure and occurs earlier and w ith  greater 
severity w ith  each succeeding pregnancy. The 
m aternal antibody response occurs in cases 
when the fe tus is D (Rh]-pos¡tive and the 
m other is D (Rh)-negative and is elicited when 
fe ta l red blood cells enter the m aternal system  
because o f small areas o f bleeding at the sur- 
face o f placental v illi or a t b irth. This cond ition 
can be prevented by screening women a t the ir 
f irs t prenatal v is it fo r Rh blood type and fo r the 
presence o f anti-D  antibodies to  determ ine 
if  she has been sensitized previousiy. In Rh- 
negative wom en w ith ou t anti-D  antibodies, 
recom m endations include trea tm en t w ith  Rh 
im m unoglobulin  a t 28 weeks’ gestation; fo l- 
lowing tim es when fe ta l-m a te rna l m ixing of 
blood m ay have occurred (e.g., a fte r am nio- 
centesis or pregnancy loss]¡ and a fte r delivery 
if  the  newborn is found to  be Rh-positive. Since 
the  in troduction  o f Rh im m unoglobulin  in 1968, 
hem olytic disease in the fe tus and newborn in 
the  United States has a lm ost been elim inated.

Antigens from  the  ABO blood group can 
aiso e lic it an antibody response, bu t the  effects

are much m ilder than those produced by the 
CDE group. A bout 20%  o f all in fan ts  have an 
ABO m aterna l incom patib ility , bu t oniy 5%  will 
be c lin ica lly affected. These can be e ffective ly  
trea ted postnata lly.

FIGURE 8.15 Fetal hydrops caused by the accu- 
mulation o f fluid In fetal tissues.

Function of the Placenta
Main functions o f the placenta are (1) exchange 
of metabolic and gaseous producís between 
maternal and fetal bloodstreams and (2) pro- 
duction of hormones.

Exchange o f Gases
Exchange o f gases— such as oxygen, carbón 
dioxide, and carbón monoxide—is accomplished 
by simple difFusion. At term, the fetus extracts 20 
to 30 mL of oxygen per minute from the maternal 
circulation, and even a short-term interruption 
o f the oxygen supply is fatal to the fetus. Placental 
blood flow is critical to oxygen supply, as the 
amount of oxygen reaching the fetus primarily 
depends on delivery, not difFusion.

Exchange o f Nutrients and Electrolytes
Exchange o f nutrients and electrolytes, such as 
amino acids, free fatty acids, carbohydrates, and

vitamins, is rapid and increases as pregnancy 
advances.

Transmission o f Maternal Antibodies
Immunological competence begins to develop 
late in the first trimester, by which time the fetus 
makes all o f the components o f complement. 
Immunoglobulins consist almost entirely of 
maternal immunoglobulin G (IgG), which 
begins to be transported from mother to fetus 
at approximately 14 weeks. In this manner, the 
fetus gains passive immunity against various 
infectious diseases. Newborns begin to produce 
their own IgG, but adult levels are not attained 
until the age o f 3 years.

Hormone Production
By the end o f the fourth month, the placenta 
produces progesterone in suflicient amounts 
to maintain pregnancy if the corpus luteum
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Clinical Correlates

The Placental Barrier
Maternal stero idal horm ones readily cross the 
placenta. O ther hormones, such as thyroxine, 
do so on iy  a t a s low  rate. Some syn the tic  pro- 
gestins rapid ly cross the placenta and m ay 
m asculinize fem ale fetuses. Even m ore dan- 
gerous was the  use o f the  syn the tic  estrogen 
diethyistilbestrol (DES], which easily crosses 
the  placenta. This com pound produced clear- 
cell ca rc ino m ao f the  vagina and abnorm alities 
o f the  cervix and uterus in fem ales and in the 
testes o f males in individuáis who were ex- 
posed to  the  com pound during the ir in trau te r- 
ine life (see Chapter 9].

A lthough the  placental barrier is frequen tly  
considered to  act as a pro tective  mechanism  
aga inst dam aging factors, m any v iru se s - 
such as rubella, cytom egalovirus, coxsackie, 
varió la, varicella, measles, and po liom yelitis  
v iru s -tra ve rse  the  placenta w ith o u t d ifficu lty . 
Once in the  fetus, som e viruses cause in fec- 
tions, which may resu lt in cell death and birth  
defects (see Chapter 9].

Unfortunately, m ost drugs and drug m etabo- 
lites traverse the placenta w ithou t difficu lty, and 
many cause serious damage to the embryo (see 
Chapter 9]. In addition, maternal use of heroin 
and cocaine can cause habituation in the fetus.

is removed or fails to function properly. In all 
probability, all hormones are synthesized in the 
syncytial trophoblast. In addition to progester- 
one, the placenta produces increasing amounts 
o f estrogenic hormones, predominantly estriol, 
until just before the end of pregnancy, when a 
máximum level is reached. These high levels of 
estrogens stimulate uterine growth and develop- 
ment o f the mammary glands.

During the first 2 months o f pregnancy, 
the syncytiotrophoblast also produces human  
chorionic gonadotropín (hCG), which main- 
tains the corpus luteum. This hormone is ex- 
creted by the mother in the uriñe, and in the 
early stages o f gestation, its presence is used as 
an indicator o f pregnancy. Another hormone 
produced by the placenta is som atom am - 
m otropin (formerly placental lactogen). It is 
a growth horm one-like substance that gives 
the fetus priority on maternal blood glucose 
and makes the mother somewhat diabetogenic. 
It also promotes breast development for milk 
production.

■ AMNION AND UMBILICAL CORD

The oval line o f reflection between the amnion 
and embryonic ectoderm (am nio-ectodermal 
junction) is the primitive umbilical ring. At 
the fifth week o f development, the following 
structures pass through the ring (Fig. 8.16A,C):
(1) the connecting stalk, containing the allan- 
tois and the umbilical vessels, consisting o f two

arteries and one vein; (2) the yolk stalk (vitel- 
line duct), accompanied by the vitelline vessels; 
and (3) the canal connecting the intraembry- 
onic and extraembryonic cavities (Fig. 8.16C). 
The yolk sac proper occupies a space in the 
chorionic cavity, that is, the space between the 
amnion and chorionic píate (Fig. 8.16B).

During further development, the amniotic 
cavity enlarges rapidly at the expense o f the cho­
rionic cavity, and the amnion begins to envelop 
the connecting and yolk sac stalks, crowding 
them together and giving rise to the primitive 
umbilical cord (Fig. 8.16B). Distally, the cord 
contains the yolk sac stalk and umbilical ves­
sels. More proximally, it contains some intes­
tinal loops and the remnant o f the allantois 
(Fig. 8.16B,D). The yolk sac, found in the cho­
rionic cavity, is connected to the umbilical cord 
by its stalk. At the end of the third month, the 
amnion has expanded so that it comes in con­
tad  with the chorion, obliterating the chorionic 
cavity (Fig. 8 .IOS). The yolk sac then usually 
shrinks and is gradually obliterated.

The abdominal cavity is temporarily too 
small for the rapidly developing intestinal loops, 
and some of them are pushed into the extraem­
bryonic space in the umbilical cord. These ex- 
truding intestinal loops form a physiological 
umbilical hernia (see Chapter 15). At approxi- 
mately the end of the third month, the loops are 
withdrawn into the body of the embryo, and 
the cavity in the cord is obliterated. When the 
allantois and the vitelline duct and its vessels are
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FIGURE 8.16 A. A 5-week embryo showing structures passing through the primitive umbilical ring. B. The primi- 
tive umbilical cord of a 10-week embryo. C. Transverse section through the structures at the level of the umbilical 
ring. D. Transverse section through the primitive umbilical cord showing intestinal loops protruding in the cord.

also obliterated, all that remains in the cord are 
the umbilical vessels surrounded by W harton 
jelly. This tissue, which is rich in proteoglycans, 
functions as a protective layer for the blood ves­
sels. The walls o f the arteries are muscular and 
contain many elastic fibers, which contribute to 
a rapid constriction and contraction o f the um­
bilical vessels after the cord is tied off.

■ PLACENTAL CHANCES AT THE END 
OF PREGNANCY________________

At the end o f pregnancy, a number of changes 
that occur in the placenta may indícate reduced 
exchange between the two circulations. These 
changes include (1) an increase in fibrous tissue 
in the core of the villus, (2) thickening of base- 
ment membranes in fetal capillaries, (3) obliter- 
ative changes in small capillaries of the villi, and 
(4) deposition of fibrinoid on the surface o f the 
villi in the junctional zone and in the chorionic 
píate. Excessive fibrinoid formation frequently 
causes infarction o f an intervillous lake or some- 
times o f an entire cotyledon. The cotyledon then 
assumes a whitish appearance.

AMNIOTIC FLUID

The amniotic cavity is filled with a clear, watery 
fluid that is produced in part by amniotic cells 
but is derived primarily from maternal blood. 
The amount o f fluid increases from approxi- 
mately 30 mL at 10 weeks of gestation to 450 mL 
at 20 weeks to 800 to 1,000 mL at 37 weeks. 
During the early months o f pregnancy, the em­
bryo is suspended by its umbilical cord in this 
fluid, which serves as a protective cushion. The 
fluid (1) absorbs jolts, (2) prevents adherence 
o f the embryo to the amnion, and (3) allows 
for fetal movements. The volume o f amniotic 
fluid is replaced every 3 hours. From the begin- 
ning o f the flfth month, the fetus swallows its 
own amniotic fluid, and it is estimated that it 
drinks about 400 mL a day, about half o f the 
total amount. Fetal uriñe is added daily to the 
amniotic fluid in the flfth month, but this uriñe 
is mostly water because the placenta is func- 
tioning as an exchange for metabolic wastes. 
During childbirth, the amniochorionic mem- 
brane forms a hydrostatic wedge that helps to 
dilate the cervical canal.
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Clinical Correlates

Umbilical Cord Abnormalities
A t b irth, the um bilical cord is approxim ate ly 1 
to  2 cm in diam eter and 50 to  60 cm long. It is 
tortuous, causing false knots. Length o f a cord 
reflects the  am ount o f in trauterine  m ovem ent 
of the  fetus, and shortened cords have been 
observed in fe ta l m ovem ent disorders and 
w ith  in trauterine  constra int. An extrem ely long 
cord m ay encircle the  neck o f the  fetus, usually 
w ith o u t increased risk, whereas a short one 
m ay cause d ifficu lties during delivery by pulling 
the  placenta from  its a ttachm en t in the uterus.

Normally, there are tw o  arteries and one 
vein in the umbilical cord. In 1 in 200  newborns, 
however, oniy a single umbilical artery is pres- 
ent, and these babies have approxim ate ly 20%  
chance o f having cardiac and o ther vascular 
defects. The missing artery either fa ils  to  form  
[agenesis] or degenerates early in developm ent.

Amniotic Bands
Occasionally, tears in the am nion resu lt in 
amniotic bands th a t may encircle pa rt o f 
the  fetus, pa rticu larly  the  lim bs and digits. 
A m putations, ring constrictions, and other 
abnorm alities, including craniofacial deform a- 
tions, m ay resu lt (Fig. 8.17). Origin o f the  bands 
is unknown.

Amniotic Fluid
Hydramnios or polyhydramnios is the term  used 
to  describe an excess o f am niotic fluid (1,500 to
2,000 mL), whereas oligohydramnios refers to a 
decreased am ount (< 4 0 0  mL]. Both conditions 
are associated w ith an increase in the incidence 
of birth defects. Primary causes o f hydram ­
nios include idiopathic causes (35%), maternal 
diabetes (25%], and congenital malformations, 
including central nervous system disorders 
(e.g., anencephaly] and gastrointestinal defects 
(atresias, e.g., esophageal) th a t prevent the in- 
fan t from  swailowing the fluid. O ligohydramnios 
is a rare occurrence tha t may result from  renal 
agenesis. The lack o f fluid in the amniotic cav- 
ity  may constrict the fetus or there may be too 
littie  fluid fo r the fetus to  “ breathe” into its lungs 
resulting in lung hypoplasia.

Prematura rupture of the membranes 
(PROM) refers to  rupture o f the membranes be- 
fore uterine contractions begin and occurs in 10% 
of pregnancies. Preterm PROM occurs before 37 
completed weeks of pregnancy, occurs in 3%  of 
pregnancies, and is a common cause of preterm 
labor. Causes o f preterm PROM are unknown, 
but risk factors include a previous pregnancy 
affected by prem aturity or PROM, black race, 
smoking, infections, and severe polyhydramnios.

FIGURE 8.17 Limb abnormalities causad by amniotic bands. A. Limb constriction ring. B. Digit amputation 
(big toe) and ring constriction (second toe].
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■ FETAL MEMBRANESINTWINS

The frequency o f múltiple gestation (e.g., twins, 
triplets) has increased substantiaUy in recent years 
and now accounts for over 3% of aU live births in the 
United States. The rate of twin births has increased 
to a high of 32.6 per 1,000 births in 2008. The rea- 
sons for this increase are twofold: the increasing 
age of mothers at the time of their infants’ birth and 
the increasing use of fertility treatments, including 
assisted reproductive technologies (ART).

Dizygotic Twins
Approximately 90% of twins are dizygotic, or 
fraternal, and their incidence increases with ma­
ternal age (doubling at age 35) and with fertility 
procedures, including ART. They result from si- 
multaneous shedding o f two oocytes and fertil- 
ization by different spermatozoa. Because the two 
zygotes have totally diíferent genetic constitutions, 
the twins have no more resemblance than any 
other brothers or sisters. They may or may not be 
o f different sex. The zygotes implant individually 
in the uterus, and usually each develops its own 
placenta, amnion, and chorionic sac (Fig. 8.18A). 
Sometimes, however, the two placentas are so 
cióse together that they fuse. Similarly, the walls 
o f the chorionic sacs may also come into cióse ap- 
position and fuse (Fig. 8.185). Occasionally, each 
dizygotic twin possesses red blood cells of two dif­
ferent types (erythrocyte mosaicism), indicating 
that fusión of the two placentas was so intimate 
that red cells were exchanged.

Monozygotic Twins
The second type o f twins, which develops from a 
single fertilized ovum, is monozygotic, or iden- 
tical, twins. The rate for monozygotic twins is 3 
to 4 per 1,000. They result from splitting o f the 
zygote at various stages of development. The ear- 
liest separation is believed to occur at the two- 
cell stage, in which case two separate zygotes 
develop. The blastocysts implant separately, and 
each embryo has its own placenta and chorionic 
sac (Fig. 8.19A). Although the arrangement of 
the membranes o f these twins resembles that of 
dizygotic twins, the two can be recognized as 
partners of a monozygotic pair by their strong re­
semblance in blood groups, fingerprints, sex, and 
external appearance, such as eye and hair color.

Splitting o f the zygote usually occurs at the early 
blastocyst stage. The inner cell mass splits into two 
separate groups o f cells within the same blastocyst

cavity (Fig. 8.19B). The two embryos have a com- 
mon placenta and a common chorionic cavity 
but separate amniotic cavities (Fig. 8.19B). In rare 
cases, the separation occurs at the bilaminar germ 
disc stage, just before the appearance of the primi- 
tive stieak (Fig. 8.19C). This method o f splitting 
results in formation of two partners with a single 
placenta and a common chorionic and amniotic 
sac. Although the twins have a common placenta, 
blood supply is usually well balanced.

Although triplets are rare (about 1 per 7,600 
pregnancies), birth of quadruplets, quintuplets, 
and so forth is rarer. In recent years, múltiple births 
have occurred more frequently in mothers given 
gonadotiopins (fertility drugs) forovulatoryfailure.

■ PARTURITION (BIRTH)___________

For the first 34 to 38 weeks o f gestation, the uter- 
ine myometrium does not respond to signáis for 
parturition (birth). During the last 2 to 4 weeks 
o f pregnancy, however, this tissue undergoes a 
transitional phase in preparation for the onset of 
labor. Ultimately, this phase ends with a thick- 
ening of the myometrium in the upper región of 
the uterus and a softening and thinning o f the 
lower región and cervix.

Labor itself is divided into three stages: (1) 
eífacement (thinning and shortening) and dil- 
atation o f the cervix (this stage ends when the 
cervix is fully dilated), (2) delivery of the fetus, 
and (3) delivery of the placenta and fetal mem­
branes. Stage 1 is produced by uterine contrac- 
tions that forcé the amniotic sac against the 
cervical canal like a wedge, or if  the membranes 
have ruptured, then pressure will be exerted by 
the presenting part of the fetus, usually the head. 
Stage 2 is also assisted by uterine contractions, 
but the most important forcé is provided by 
increased intra-abdominal pressure from con- 
traction o f abdominal muscles. Stage 3 requires 
uterine contractions and is aided by increasing 
intra-abdominal pressure.

As the uterus contracts, the upper part re- 
tracts, creating a smaller and smaller lumen, 
while the lower part expands, thereby produc- 
ing direction to the forcé. Contractions usually 
begin about 10 minutes apart; then, during the 
second stage of labor, they may occur <  1 min­
ute apart and last from 30 to 90 seconds. Their 
occurrence in pulses is essential to fetal survival, 
as they are o f sufRcient forcé to compromise 
uteroplacental blood flow to the fetus.
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Two-cell stage zygotes

Inner cell mass Trophoblast

Amniotic cavity

Separata placenta and chorion Fusión of placenta and chorion

FIGURE 8.18 Development of dizygotic twins. Normally, each embryo has its own amnion, chorion, and pla­
centa (A), but sometimes the placentas are fused (B). Each embryo usually receives the appropriate amount 
of blood, but on occasion, large anastomoses shunt more blood to one of the partners than to  the other.



Part I • General Embryology

A , , . ' '
ár

O ]  2-cell-stage zygote

Blastocyst
, ^ 1^ .  Inner celk  cavity \ooo o

Common / 
chorionic cavity

Common 
amniotic cavity

FIGURE 8.19 Possible relations of fetal membranes in monozygotic twins. A. Spiltting occurs at the tw o- 
cel! stage, and each embryo has Its own placenta, amniotic cavity, and chorionic cavity. B. Spiltting of 
the inner cell mass into two completely separated groups. The tw o embryos have a common placenta 
and a common chorionic sac but separate amniotic cavities. C. Spiltting of the inner cell mass at a late 
stage of development. The embryos have a common placenta, a common amniotic cavity, and a common 
chorionic cavity.

Clinical Correlatas

Abnormalities Associated w ith Twins
Twin pregnancies have a high incidence 
o f pe rinata l m o rta lity  and m orb id ity  and 
an increased risk fo r p re term  delivery. 
A p p ro x im a te ly  60%  o f tw in s  are born pre­
te rm  and aiso have a high incidence o f being 
LBW. Both o f these fac to rs  pu t tw in  pregnan­

cies a t g rea t risk and tw in  pregnancies have 
an in fa n t m o rta lity  rate th ree  tim es higher 
than  th a t fo r singletons.

The incidence o f tw in n ing  m ay be much 
h igher than the  num ber observed a t b irth  be- 
cause tw in s  are conceived m ore o ften  than 
they  are born. Many tw in s  die before birth ,
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and som e stud ies indícate th a t on iy  29%  of 
w om en pregnan t w ith  tw in s  ac tua lly  give 
b irth  to  tw o  in fan ts. The te rm  vanishing twin 
refers to  th e  death o f one fe tus. This disap- 
pearance, wh ich occurs in the  f irs t  trim este r 
or the  early second trim este r, m ay resu lt from  
resorp tion  o r fo rm a tion  o f a fe tus  papyraceus 
[Fig. 8.20],

A nother probiem  leading to  increased m or- 
ta lity  among tw in s  is tw in -tw in  transfusión 
syndrom e, which occurs in 15% o f m onocho- 
rionic m onozygo tic pregnancies. In th is  condi- 
tion, placental vascular anastom oses, which 
occur in a balanced arrangem ent in m ost 
m onochorionic placentas, are form ed, so th a t 
one tw in  receives m ost of the  blood flow , and 
f lo w  to  the  o the r is com prom ised. As a result, 
one tw in  is larger than the o ther (Fig. 8.21). The 
outcom e is poor, w ith  the  death o f both tw ins 
occurring in 50%  to  70%  o f cases.

A t la ter stages o f developm ent, partial 
s p iitting  o f the p rim itive  node and streak m ay 
resu lt in fo rm ation  o f conjoined tw ins. These

tw in s  are classified according to  the nature 
and degree o f th e ir  unión (Figs. 8.22 and 
8.23). Occasionally, m onozygotic tw in s  are 
connected oniy by a com m on skin bridge or 
by a com m on liver bridge. The type  o f tw ins 
fo rm ed depends on when and to  w h a t ex ten t 
abnorm alities o f the  node and streak occurred. 
M isexpression o f genes, such as GOOSECOID, 
m ay aiso resu lt in conjoined tw ins. Many con­
jo ined tw in s  have survived, including the  m ost 
fam ous pair, Chang and Eng, who were jo ined 
at the  abdom en and who trave led to  England 
and the United States on exh ib itions in the 
m id-1800s. Finally se ttíing  in North Carolina, 
they farm ed and fa thered 21 children w ith  the ir 
tw o  wives.

In b ro th e r-s is te r pairs o f d izygotic  tw ins, 
testoste rone  from  the  male tw in  can a ffec t 
deve lopm ent o f the  female. Thus, fem ales in 
such pairs tend to  have square jaws, larger 
teeth , perform  be tte r on spacia l-ab ility  tests 
and have be tte r ball skills than m ost giris. They 
are 15% less likely to  ge t m arried and they 
have fe rt il ity  problems, producing 25%  few er 
children.

FIGURE 8.21 Monozygotic twins with tw in trans- 
FIGURE 8.20 Fetus papyraceus. One twin is fusión syndrome. Placental vascular anastomo- 
larger, and the other has been compressed and ses produced unbalanced blood flow  to the two 
mummified, henee, the term papyraceus. fetuses. (continued)
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Pygopagus Craniopagus

FIGURE 8.22 Thoracopagus, pygopagus, and craniopagus twins [pagus; fastened], Conjoined twins can 
be separated oniy if they have no vital parts in common.

FIGURE 8.23 Examples o f conjoined twins. 
A. Dicephalus (two heads). B. Craniopagus Ooined 
a tth e  head).

Clinical Correlates

Preterm  Birth
Factors in itia ting  labor are no t known and 
m ay involve “re treat from maintenance of 
pregnancy," in which pregnancy-supporting 
factors (e.g., horm ones) are w ithdraw n, or 
active induction caused by stim u la to ry  facto rs 
ta rge ting  the  uterus. Probably, com ponents o f 
both phenomena are involved. U nfortunate ly, 
a lack o f know ledge about these factors has re- 
s tric ted  progress in preventing preterm  birth. 
Preterm  b irth  (delivery before 37 com pleted

weeks) o f prem ature infants occurs in ap- 
p rox im ate ly  12% o f b irths in the  United States 
and is a leading cause o f in fan t m orta lity  and 
aiso con tribu tes s ign ifican tly  to  m orb id ity. It 
is caused by preterm  PROM, prem ature onset 
o f labor, or pregnancy com plications requiring 
prem atu re  delivery. Risk facto rs include previ- 
ous preterm  birth ; black race; m últip le  gesta- 
tions; in fections, such as periodonta l disease 
and bacteria l vaginosis; and low  m aternal 
body mass Índex.
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S U M M A R Y
The fetal period extends from the nínth week 
of gestation until birth and is characterized 
by rapid growth o f the body and maturation of 
organ systems. Growth in length is particularly 
striking during the third, fourth, and fifth months 
(approximately 5 cm per month), whereas in- 
crease in weight is most striking during the last
2 months o f gestation (approximately 700 g per 
month) (Table 8.1, p. 105). Most babies weigh 
between 2,700 and 4,000 g (6 to 9 Ib) at birth. 
Those babies weighing < 2 ,5 0 0  g (5 Ib 8 oz) 
are considered lew birth weight; those below 
1,500 g (3 Ib 5 oz) are considered very low birth 
weight. lUGR is a term applied to babies who do 
not achieve their genetically determined poten- 
tial size and are pathologically small. This group 
is distinct from babies that are healthy but are 
below the lOth percentile in weight for their ges- 
tational age and are classified as SGA.

A striking change is the relative slowdown in 
the growth o f the head. In the third month, it is 
about half the size o f the CRL. By the fifth month, 
the size o f the head is about one third o f the CHL, 
and at birth, it is one quarter o f the CHL (Fig. 8.2).

During the fifth month, fetal movements are 
clearly recognized by the mother, and the fetus 
is covered with fine, small hair.

A fetus born during the sixth or the beginning 
of the seventh month has difficulty surviving, 
mainly because the respiratory and central ner- 
vous systems have not differentiated suíficiently.

In general, the length of pregnancy for a fuU- 
term fetus is considered to be 280 days, or 40 weeks 
after onset of the last menstruation, or, more ac- 
curately, 266 days or 38 weeks after fertilization.

The placenta consists of two components: (1) a 
fetal portion, derived from the chorion frondosum 
or viUous chorion, and (2) a maternal portion, de­
rived fi'om the decidua basalis. The space between 
the chorionic and decidual plates is filled with in- 
tervillous lakes of maternal blood. Villous trees 
(fetal tissue) grow into the maternal blood lakes 
and are bathed in them. The fetal circulation is at 
all times separated from the maternal circulation by
(1) a syncytial membrane (a chorion derivative) and
(2) endothelial cells from fetal capillaries. Henee, 
the human placenta is of the hemochorial type.

Intervillous lakes o f the fuUy grown placenta 
contain approximately 150 mL of maternal 
blood, which is renewed three or four times per 
minute. The villous area varíes from 4 to 14 m ,̂ 
facilitating exchange between mother and child.

Main functions o f the placenta are 
(1) exchange o f gases; (2) exchange o f nutrients 
and electrolytes; (3) transmission o f maternal 
antibodies, providing the fetus with passive im- 
munity; (4) production o f hormones, such as 
progesterone, estradiol, and estrogen (in addi- 
tion, it produces hCG and somatomammotro- 
pin); and (5) detoxification o f some drugs.

The amnion is a large sac containing amniotic 
fluid in which the fetus is suspended by its umbili­
cal cord. The fluid (1) absorbs jolts, (2) allows for 
fetal movements, and (3) prevents adherence of the 
embryo to surrounding tissues. The fetus swallows 
amniotic fluid, which is absorbed through its gut 
and cleared by the placenta. The fetus adds uriñe 
to the amniotic fluid, but this is mostly water. An 
excessive amount of amniotic fluid (hydramnios) 
is associated with anencephaly and esophageal 
atresia, whereas an insufficient amount (oligohy- 
dramnios) is related to renal agenesis.

The umbilical cord, surrounded by the am­
nion, contains (1) two umbilical arteries, (2) one 
umbilical vein, and (3) Wharton jelly, which 
serves as a protective cushion for the vessels.

Fetal membranes in twins vary according to 
their origin and time of formation. Two thirds of 
twins are dizygotic, or fraternal; they have two 
amnions, two chorions, and two placentas, which 
sometimes are fused. Monozygotic twins usually 
have two amnions, one chorion, and one placenta. 
In cases o f conjoined twins, in which the fetuses 
are not entirely split from each other, there is one 
amnion, one chorion, and one placenta.

Signáis initiating parturition (birth) are not 
clear, but preparation for labor usually begins 
between 34 and 38 weeks. Labor itself consists of 
three stages: (1) effacement and dilatation of the 
cervix, (2) delivery o f the fetus, and (3) delivery 
o f the placenta and fetal membranes.

Problems to Solve

1. An ultrasound at 7 months’ gestation shows 
too much space (fluid accumulation) in 
the amniotic cavity. W hat is this condition 
called, and what are its causes?

2. Later in her pregnancy, a woman realizes that 
she was probably exposed to toluene in the 
workplace during the third week of gestation 
but tells a fellow worker that she is not con­
cerned about her baby because the placenta 
protects her infant from toxic factors by 
acting as a barrier. Is she correct?
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Birth Defects and 
Prenatal Diagnosis

BIRTH DEFECTS

B irth  defect, congenital m alform ation, and 
congenital anom aly are synonymous terms 
used to describe structural, behavioral, ftinc- 
tional, and metabolic disorders present at birth. 
Terms used to describe the study o f these dis­
orders are teratology (Gr. teratos; monster) and 
dysmorphology. Dysmorphologists are usually 
within a department o f chnical genetics. Major 
structural anomalies occur in approximately 
3% of liveborn infants and birth defects are a 
leading cause o f infant mortaUty, accounting 
for approximately 25% of infant deaths. They 
are the fifth leading cause of years o f potential 
life lost prior to age 65 and a major contributor 
to disabilities. They are also nondiscriminatory; 
the frequencies o f birth defects are the same for 
Asians, African Americans, Latin Americans, 
Whites, and Native Americans.

The causes o f birth defects fall into three cat- 
egories: those that are caused by environmental

factors (15%), those caused by genetic factors 
(30%), and those caused by an interaction of the 
environment with a person’s genetic susceptibil- 
ity. Most birth defects fall into this last category 
(55%), and for most o f these congenital mal- 
formations, details o f their origin are unknown 
(Fig.9.1).

M inor anom alies occur in approximately 
15% o f newborns. These structural abnor- 
malities, such as m icrotia (small ears), pig- 
mented spots, and short palpebral fissures, 
are not themselves detrimental to health but, 
in some cases, are associated with m ajor de­
fects. For example, infants with one m inor 
anomaly have a 3% chance o f having a major 
malform ation; those with two m inor anom a­
lies have a 10% chance; and those with three 
or m ore m inor anomalies have a 20% chance. 
Therefore, m inor anomalies serve as clues for 
diagnosing m ore serious underlying defects. 
In particular, ear anomalies are easily rec- 
ognizable indicators o f other defects and are

FIGURE 9.1 Pie chart showing 
the contributions of various fac­
tors to the causes of birth defects. 
Approximately 15% will have purely 
environmental causes, such as 
drugs, environmental pollutants, 
infectious diseases, and maternal 
diseases, such as diabetes, phenyl- 
ketonuria, obesity, etc.; 30% v^ill 
be purely genetic, including chro- 
mosomal abnormalities and single 
gene mutations; and 55% will be 
multifactorial and will involve gene 
teratogen interactions. This latter 
group also includes birth defects of 
unknown origin.
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Risk of Birth Defects Being Induced

Embryonic Period

W eeks  G e s ta t io n

FIGURE 9.2 Grapli showing tlie  times in gestation versus the risl<s of birtii defects being induced. Tlie most 
sensitive time is tlie  embryonic period during tlie  tliird  to e ig litii weel<s. Tlie fetal period begins at the end 
of the eighth week and extends to term. During this time, the risk for gross structural defects being induced 
decreases, but organ systems may still be affected. For example, the brain continúes to differentiate during 
the fetal period, such that toxic exposures may cause learning disabilities or intellectual disability. The fact 
that most birth defects occur prior to the eighth week makes it imperative to initiate birth defects prevention 
strategies prior to  conception. Unfortunately, most women do not appear for their first prenatal visit until the 
eighth week, which is after the critical time for prevention of most birth defects.

observed in virtually all children with syn- 
dromic malformations.

Types of Abnormalities
Malformations occur during formation of 
structures, for example, during organogénesis. 
They may result in complete or partial absence 
of a structure or in alterations o f its normal 
configuration. Malformations are caused by 
environmental and/or genetic factors acting 
independently or in concert. Most malfor­
mations have their origin during the third to  
eighth weeks of gestation (Fig. 9.2). However, 
some complex combinations o f defects, such as 
those observed in cases of heterotaxy, may have 
their origins when the embryonic axes are being 
specified as early as the second week.

Disruptions result in morphological alter­
ations o f already formed structures and are 
caused by destructive processes. Vascular ac- 
cidents leading to transverse limb defects and

defects produced by amniotic bands are exam- 
ples of destructive factors that produce disrup­
tions (Fig. 9.3).

Deformations result from mechanical forces 
that mold a part of the fetus over a prolonged 
period. Clubfeet, for example, are caused by 
compression in the amniotic cavity (Fig. 9.4). 
Deformations often involve the musculoskeletal 
system and may be reversible postnatally.

A syndrome is a group o f anomalies occur- 
ring together that have a specific common cause. 
This term indicates that a diagnosis has been 
made and that the risk o f recurrence is known. 
In contrast, association is the nonrandom 
appearance o f two or more anomalies that occur 
together more frequendy than by chance alone, 
but the cause has not been determined. An ex­
ample is the VACTERL association (vertebral, 
anal, cardiac, íracheoesophageal, renal, and limb  
anomalies). Although they do not constitute a 
diagnosis, associations are important because
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m
FIGURE 9.3 Defects produced by amniotic bands as examples of disruptions. A. Cleft lip. B. Toe amputations. 
C. Finger amputations. Strands of amnion may be swailowed or become wrapped around structures causing 
various disruption-type defects. The ohgin of the bands of amniotic tissue is unknown.

recognition o f one or more o f the components 
promotes the search for others in the group.

Environmental Factors
Until the early 1940s, it was assumed that con­
genital defects were caused primarily by heredi- 
tary factors. With the discovery by N. Gregg that 
rubella (Germán measles) affecting a mother 
during early pregnancy caused abnormalities 
in the embryo, it suddenly became evident that 
congenital malformations in humans could also 
be caused by environmental factors. In 1961, 
observations by W. Lenz linked limb defects to

FIGURE 9.4 Abnormal positioning of the lower 
limbs and clubfeet as examples of deformations. 
These defects are probably caused by oligohy- 
dramnios (too littie amniotic fluid].

the sedative thalidomíde and made it clear that 
drugs could also cross the placenta and produce 
birth defects (Fig. 9.5). Since that time, many 
agents have been identified as teratogens (factors 
that cause birth defects) (Table 9.1, p. 130).

Principies o f Teratology
Factors determining the capacity o f an agent 
to produce birth defects have been defined and 
set forth as the principies o f teratology. They 
include the following:

1. Susceptibility to teratogenesis depends on 
the genotype of the conceptus and the 
manner in which this genetic composi- 
tion interacts with the environment. The 
maternal genome is also important with 
respect to drug metabolism, resistance to 
infection, and other biochemical and mo­
lecular processes that aífect the conceptus.

2. Susceptibility to teratogens varies with 
the developmental stage at the time 
of exposure. The most sensitive period 
for inducing birth defects is the third to 
eighth weeks of gestation, the period of 
embryogenesis. Each organ system may 
have one or more stages o f susceptibility.
For example, cleft palate can be induced at 
the blastocyst stage (day 6), during gastrula- 
tion (day 14), at the early limb bud stage 
(fifth week), or when the palatal shelves
are forming (seventh week). Furthermore, 
whereas most abnormalities are produced 
during embryogenesis, defects may also be 
induced before or after this period; no stage 
o f development is completely safe (Fig. 9.2).
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FIGURE 9.5 A,B. Examples of phocomelia. Limb defects cliaracterized by loss of tlie  long bones of tlie  iimb. 
Tíñese defects were commonly produced by tlie  drug tlialidomide.

3. Manifestations o f abnormal development 
depend on dose and duration of exposure 
to a teratogen.

4. Teratogens act in specific ways (mecha- 
nisms) on developing cells and tissues to 
initiate abnormal embryogenesis (patho- 
genesis). Mechanisms may involve inhibi- 
tion o f a specific biochemical or molecular 
process; pathogenesis may involve cell 
death, decreased cell proliferation, or other 
cellular phenomena.

5. Manifestations o f abnormal develop­
ment are death, malformation, growth 
retardation, and functional disorders.

Infectious Agents
Infectious agents that cause birth defects 
(Table 9.1) include a number of viruses. Birth 
defects due to rubella (Germán measles) during 
pregnancy (congenital rubella syndrome) used 
to be a major problem, but development and 
widespread use o f a vaccine have nearly elimi- 
nated congenital malformations from this cause.

Cytomegalovirus is a serious threat. Often, 
the mother has no symptoms, but the effects 
on the fetus can be devastating. The infection 
can cause serious illness at birth and is some- 
times fatal. On the other hand, some infants are 
asymptomatic at birth but develop abnormali- 
ties later, including hearing loss, visual impair- 
ment, and intellectual disability.

Herpes símplex virus and varicella virus can
cause birth defects. Herpes-induced abnormali- 
ties are rare, and usually, infection is transmit- 
ted to the child during delivery, causing severe 
illness and sometimes death. Intrauterine infec­
tion with varicella causes scarring o f the skin, 
limb hypoplasia, and defects of the eyes and 
central nervous system. The occurrence o f birth 
defects after prenatal infection with varicella is 
infrequent and depends on the timing o f the in­
fection. Among infants born to women infected 
before 13 weeks’ gestation, 0.4% are malformed, 
whereas the risk increases to 2% among in­
fants whose mothers are infected during 13 to 
20 weeks o f gestation.

Other Viral Infections and Hyperthermia
Malformations apparently do not occur follow- 
ing maternal infection with measles, mumps, 
hepatitis, poliomyelitis, echovirus, coxsackie 
virus, and influenza, but some of these infec­
tions may cause spontaneous abortion or fetal 
death or may be transmitted to the fetus. For ex- 
ample, coxsackie B virus may cause an increase 
in spontaneous abortion, whereas measles and 
mumps may cause an increase in early and late 
fetal death and neonatal measles and mumps. 
Hepatitis B has a high rate o f transmission to 
the fetus, causing fetal and neonatal hepatitis, 
whereas hepatitis A, C, and E are rarely trans­
mitted transplacentally. Echoviruses seem to
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Teratogen Congenital Malformations

Infectíous agents
Rubella virus 

Cytomegalovirus 

Herpes sim plex virus 
Varicella virus 

Toxoplasmosis 

Syphilis
Physical agents
X-rays
Hypertlnermia 

Chemical agents
Thalidomide
Am inopterin

D iphenylhydantoin
[phenytoin]

Valproic acid

Trim ethadione

Topamax [topiramate)
Litinium

SSRIs

Opioids [codeine, hydro- 
codone, oxycodone] 

Ampinetamines 

W arfarin 

ACE inhibitors 

Ivlycopinenolate m ofetil 

Alcohol

Isotretinoin (vitam in A]

Industrial solvents

Organic mercury 

Lead

Hormones
Androgenic agents

DES

Maternal diabetes 

Maternal obesity

Cataracts, glaucoma, heart defects, hearing loss, too th  abnorm alities 

Microcephaly, visual im pairm ent, in tellectual disability, fe ta l death 

Microphthalm ia, m icrocephaly, retinal dysplasia 

Skin scarring, limb hypoplasia, in tellectual disability, muscle atrophy 

Hydrocephalus, cerebral calcifications, m icrophthalm ia 

Intellectual disability, hearing loss

M icrocephaly, spina bifida, c le ft palate, limb defects 

Anencephaly, spina bifida, in tellectual disability

Limb defects, heart m alform ations 

Anencephaly, hydrocephaly, c le ft lip and palate 

Fetal hydantoin syndrome: facial defects, in tellectual disability

Neural tube defects; heart, craniofacial, and lim b anomalies 

Cleft palate, heart defects, urogenital and skeletal abnorm alities 

Cleft lip and /o r c le ft palate 

Heart m alform ations

Heart m alformations, neural tube defects, anal atresia, facial clefts, 
and many o ther defects 

Neural tube defects, heart defects, gastroschisis

Cleft lip and palate, heart defects

Skeletal abnorm alities [nasal hypoplasia, stippled epiphyses)
Growth retardation, fe ta l death 

Cleft lip and palate, heart defects, m icrotia, m icrocephaly 

FAS, short palpebral fissures, m axillary hypoplasia, heart defects, 
in tellectual d isability 

Isotretinoin em bryopathy: small, abnorm ally shaped ears, m andibular 
hypoplasia, c le ft palate, heart defects 

Spontaneous abortion, prem aturity, low birth  wieight, heart, cranio­
facial, and neural tube defects 

Neurological sym ptom s sim ilar to  those o f cerebral palsy 

Growth retardation, neurological disorders

M asculinization o f fem ale genitalia: fused labia, c litoral hypertrophy 
[ethisterone, norethisterone]

M alform ation o f the uterus, uterine tubes, and upper vagina; vaginal 
cáncer; m alform ed testes 

Various m alform ations; heart and neural tube defects m ost common 

Neural tube defects, heart defects, om phalocele

SSR Is, se lective  se ro ton in  reup take  inh ib ito rs ; ACE, a n g io te n s in -co n ve rtin g  enzym e; FAS. fe ta l a lcoho l syndrom e; 
DES, d ie th y is tilb e s tro l.
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have no adverse eífects on the fetus. Also, there 
is no evidence that immunizations against any 
of these diseases harm the fetus.

A complicating factor introduced by these 
and other infectious agents is that most are 
pyrogenic (cause fevers), and elevated body 
temperature (hyperthermia) caused by fevers 
or possibly by external sources, such as hot tubs 
and saunas, is teratogenic. Characteristically, 
neurulation is affected by elevated temperatures, 
and neural tube defects, such as anencephaly 
and spina bifida, are produced.

Toxoplasmosis can cause birth defects. 
Poorly cooked meat; feces o f domestic animals, 
especially cats; and soil contaminated with feces 
can carry the protozoan parasite Toxoplasmosis 
gondii. A characteristic feature o f fetal toxoplas­
mosis infection is cerebral calcifications. Other 
features that may be present at birth include 
microcephaly (small head), macrocephaly (large 
head), or hydrocephalus (an increase in cerebro- 
spinal fluid in the brain). In a manner similar to 
cytomegalovirus, infants who appear normal at 
birth may later develop visual impairment, hear- 
ing loss, seizures, and intellectual disability.

Radiation
lonizing radiation kills rapidly proliferating 
cells, so it is a potent teratogen, producing virtu- 
ally any type of birth defect depending upon the 
dose and stage of development o f the conceptus 
at the time o f exposure. Radiation from nuclear 
explosions is also teratogenic. Among women 
sundvors pregnant at the time o f the atomic 
bomb explosions over Hiroshima and Nagasaki, 
28% spontaneously aborted, 25% gave birth to 
children who died in their first year o f life, and 
25% gave birth to children who had severe birth 
defects involving the central nervous system. 
Similarly, the explosion o f the nuclear reactor 
at Chernobyl, which released up to 400 times 
the amount of radiation as the nuclear bombs, 
has also resulted in an increase in birth defects 
throughout the región. Radiation is also a muta- 
genic agent and can lead to genetic alterations of 
germ cells and subsequent malformations.

Pharmaceutical Drugs and  
Chemical Agents
The role o f chemical agents and pharmaceutical 
drugs (medications) in the production o f ab- 
normalities in humans is difficult to assess for 
two reasons: (1) Most studies are retrospective,

relying on the mother’s memory for a history of 
exposure, and (2) pregnant women take a large 
number o f medications. A National Institutes of 
Health study discovered that pregnant women, 
on average, took four medications during preg- 
nancy. Only 20% of pregnant women used no 
drugs during their pregnancy. Even with this 
widespread use o f medications during preg­
nancy, insufficient Information is available to 
judge the safety o f approximately 90% of these 
drugs if  taken during pregnancy.

On the other hand, relatively few of the many 
drugs used during pregnancy have been posi- 
tively identified as being teratogenic. One exam- 
ple is tíialídomide, an antinauseant and sleeping 
pill. In 1961, it was noted in West Germany that 
the frequency of amella and meromelía (total 
or partial absence o f the extremities), a rare ab- 
normality that was usually inherited, had sud- 
denly increased (Fig. 9.3). This observation led 
to examination o f the prenatal histories o f af­
fected children and to the discovery that many 
mothers had taken thalidomide early in preg­
nancy. The causal relation between thalidomide 
and meromelia was discovered only because 
the drug produced such an unusual abnormal- 
ity. If  the defect had been a more common type, 
such as cleft lip or heart malformation, the as- 
sociation with the drug might easily have been 
overlooked.

The discovery that a drug like thalidomide 
could cross the placenta and cause birth defects 
was revolutionary and led directly to the Science 
o f teratology and founding o f the Teratology 
Society. Today, thalidomide is still in use as an 
immunomodulatory agent in the treatment of 
people with AIDS and other immunopathologi- 
cal diseases such as leprosy, lupus erythemato- 
sus, and graft versus host disease. Limb defects 
still occur in babies exposed to the drug, but it 
is now clear that other malformations are pro­
duced as well. These abnormalities include heart 
malformations, orofacial clefts, intellectual dis­
ability, autism, and defects of the urogenital and 
gastrointestinal systems.

Isotretinoin (Accutane), an analogue of 
vitamin A, has been shown to cause a charac­
teristic pattern o f malformations known as the 
isotretinoin embryopathy. The drug is pre- 
scribed for the treatment o f cystic acné and 
other chronic dermatoses, but it is highly tera­
togenic and can produce virtually any type of
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malformation. Even topical retinoids, such as 
etretinate, may have the potential to cause ab- 
normalities. Vitamin A itself may be teratogenic 
at high doses, based on animal studies and the 
fact that isotretinoin is a closely related com- 
pound. Precisely how much is potentially harm- 
ful (> 10,000 or > 25,000 lU ) is controversial, 
but the amount o f vitamin A typicaUy contained 
in multivitamins (2,000 to 8,000 lU ) is below 
these doses, unless an individual takes more 
than one multivitamin a day.

Other drugs with teratogenic potential in- 
clude the anticonvulsants diphenylhydantoin 
(phenytoin), valproic acid, and trimethadíone, 
which are used by women who have seizure 
disorders. Specifically, trimethadione and di­
phenylhydantoin produce a broad spectrum of 
abnormalities that constitute distinct patterns of 
dysmorphogenesis known as the trimethadione 
and fetal hydantoin syndromes. Facial clefts are 
particularly common in these syndromes. The 
anticonvulsant valproic acid increases the risk 
for several defects, including atrial septal defects, 
cleft palate, hypospadias, polydactyly, and cra- 
niosynostosis, but the highest risk is for the neu- 
ral tube defect, spina bifida. The anticonvulsant 
carbamazepine also has been associated with an 
increased risk for neural tube defects and pos- 
sibly other types o f malformations. Even newer 
anticonvulsant drugs like Topam ax (topira- 
mate) increase the risk for cleft lip and/or cleft 
palate. A confounding issue with these patients 
is the fact that they require these medications 
to prevent seizures. Because o f their teratogenic 
potential, however, the type o f drug employed 
and the dose should be considered to provide 
the best outcome for the mother and her child.

Antipsychotic and antianxiety agents 
(major and minor tranquilizers, respectively) 
are suspected producers of congenital malfor­
mations. The antipsychotics phenothiazine and 
lithium have been implicated as teratogens. 
Although evidence for the teratogenicity of 
phenothiazines is conflicting, an association be- 
tween lithium and congenital heart defects, es- 
pecially Ebstein anomaly, is better documented, 
although the risk is small.

Antidepressant drugs that work as selective 
serotonin reuptake inhibitors (SSRIs) including 
fluoxetine (Prozac), paroxetine (Paxil), sertraline 
(Zoloft), citalopram (Celexa), and escitalopram 
(Lexapro) have been linked by epidemiological

studies to múltiple birth defects, presumably be- 
cause o f serotonin’s role in estabhshing the left- 
right axis (laterality; see Chapter 5, p. 62). The 
heart is particularly sensitive because o f its com- 
plex laterality, and many types of heart defects 
have been observed in infants born to mothers 
taking the drugs. Even malformations in the 
midline, such as neural tube defects, cleft palate, 
and anal atresia have been associated with expo- 
sure to these drugs, which animal studies have 
demonstrated may be due to disruption o f co- 
ordinated signaling essential to establishing the 
cranial-caudal and left-right axes o f the embryo 
(see Chapter 5, p. 59; Chapter 13, p. 175).

Opioid medications such as codeine, hydro- 
codone, and oxycodone are used to treat severe 
pain, and both their use and abuse have been 
increasing in recent years. Epidemiology studies 
demónstrate an association with the use o f these 
drugs and neural tube defects, heart defects, and 
gastroschisis (an abdominal wall defect).

Mycophenolate mofetU (MMF) is an immu- 
nosuppressant drug used to prevent rejection 
in organ transplant patients. Use of the drug in 
pregnancy has resulted in spontaneous abor- 
tions and birth defects, including cleft lip and 
palate, microtia (small ears), microcephaly, and 
heart defects.

The anticoagulant warfarin is teratogenic. 
Infants born to mothers with first trimester ex- 
posures typically have skeletal abnormalities, 
including nasal hypoplasia, abnormal epiphyses 
in their long bones, and limb hypoplasia. In con- 
trast, the anticoagulant heparin does not appear 
to be teratogenic.

Antihypertensive agents that inhibit angio- 
tensin-converting enzyme (ACE inhibitors) 
produce growth retardation, renal dysfunction, 
fetal death, and oligohydramnios if  exposures 
occur during the second or third trimester. 
EfFects o f exposure to these compounds in the 
ñrst trimester are less clear.

Caution has also been expressed regarding a 
number o f other compounds that may damage 
the embryo or fetus. The most prominent among 
these are propylthiouracil and potassium iodide 
(goiter and intellectual disability), streptomycin 
(hearing loss), sulfonamides (kernicterus), the 
antidepressant imipramine (limb deformities), 
tetracyclines (bone and tooth anomalies), am- 
phetamines (oral clefts and cardiovascular 
abnormalities), and quinine (hearing loss).
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lllicit Drugs, Alcohol, and Cigarettes
One o f the problems in today’s society is the 
eífect o f maternal use o f social drugs, such as 
lysergic acid diethylamide (LSD), phencycli- 
dine (PCP) or “ángel dust”, marijuana, co- 
caine, alcohol, and tobáceo on embryonic and 
fetal development. In the case o f LSD, limb ab- 
normalities and malformations o f the central 
nervous system have been reported. A com- 
prehensive review o f more than 100 pubhca- 
tions, however, led to the conclusión that puré 
LSD used in moderate doses is not teratogenic 
and does not cause genetic damage. A similar 
lack o f conclusive evidence for teratogenicity 
has been described for marijuana and PCP. 
Cocaine use has been linked to premature 
labor, intrauterine growth retardation, and 
spontaneous abortion. Also, malformations 
o f the heart, genitourinary system, and brain 
have been observed in babies whose mothers 
used cocaine, and there may be long-term ef- 
fects on behavior. One difíiculty in assessing 
the drug’s eífects is the fact that women who 
use cocaine often use other drugs as well, espe- 
cially alcohol.

There is a well-documented association be- 
tween maternal alcohol ingestión and congeni­
tal abnormalities. Because alcohol may induce a 
broad spectrum o f defects, ranging from intel­
ectual disability to structural abnormalities of 
the brain (microcephaly, holoprosencephaly), 
face, and heart, the term fetal alcohol spectrum  
dísorder (FASD) is used to refer to any alco- 
hol-related defects. Fetal alcohol syndrome 
(FAS) represents the severe end o f the spec­
trum and includes structural defects, growth 
deficiency, and intellectual disability (Fig. 9.6). 
Alcohol-related neurodevelopmental disor- 
der (ARND) refers to cases with evidence of 
involvement o f the central nervous system that 
do not meet the diagnostic criteria for FAS. 
The incidence o f FAS and ARND together 
has been estimated to be I in 100 live births. 
Furthermore, alcohol is the leading cause of 
intellectual disability. It is not clear how much 
alcohol is necessary to cause a developmental 
problem. The dose and timing during gestation 
are both critical, but there is probably no “safe” 
level. Fven binge drinking (> 5  drinks per sit- 
ting) at a critical stage o f development appears 
to increase the risk for birth defects, including 
orofacial clefts.

FIGURE 9.6 Cliaractehstic features of a child w itli 
FAS, including an indistinct philtrum, thin upper 
lip, depressed nasal bridge, short nose, and fíat 
midface.

Cigarette smoking has been linked to an 
increased risk for orofacial clefts (cleft lip and 
cleft palate). It also contributes to intrauterine 
growth retardation and premature delivery.

Hormones 
A ndrogenic Agents
In the past, synthetic progestins were frequently 
used during pregnancy to prevent abortion. 
The progestins ethisterone and norethister- 
one have considerable androgenic activity, and 
many cases o f masculinization o f the genitalia in 
female embryos have been reported. The abnor­
malities consist of an enlarged clitoris associated 
with varying degrees o f fusión o f the labioscro- 
tal folds.

En do cr in e  D isrupters

Endocrine disrupters are exogenous agents 
that interfere with the normal regulatory ac- 
tions o f hormones controlling developmental 
processes. Most commonly, these agents in­
terfere with the action o f estrogen through its 
receptor to cause developmental abnormalities 
o f the central nervous system and reproduc- 
tive tract. For some time, it has been known 
that the synthetic estrogen diethylstUbestrol
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(D ES), which was used to prevent abortion, 
raised the incidence o f carcinomas o f the va­
gina and cervix in women exposed to the drug 
in Utero. Furthermore, a high percentage of 
these women had reproductiva dysfunction 
caused in part by congenital malformations 
o f the uterus, uterine tubes, and upper vagina. 
Male embryos exposed in útero can also be 
aífected, as evidenced by an increase in m al­
formations o f the testes and abnormal sperm 
analysis among these individuáis. In contrast 
to women, however, men do not demónstrate 
an increased risk o f developing carcinomas of 
the genital system.

Today, environmental estrogens are a con­
cern, and numerous studies to determine their 
effects on the unborn are under way. Decreasing 
sperm counts and increasing incidences o f tes- 
ticular cáncer, hypospadias, and other abnor- 
malities o f the reproductiva tract in humans, 
together with documented central nervous sys­
tem abnormalities (masculinization o f female 
brains and feminization o f male brains) in other 
species with high environmental exposures, 
have raised awareness o f the possible harmful 
effects of these agents. Many are formed from 
chemicals used for industrial purposes and from 
pesticides.

Oral Co n tr a ceptives

Birth control pills, containing estrogens and 
progestogens, appear to have a low teratogenic 
potential. Because other hormones such as DES 
produce abnormalities, however, use o f oral 
contraceptives should be discontinued if  preg- 
nancy is suspected.

CORTISONE
Experimental work has repeatedly shown that 
cortisone injected into mice and rabbits at cer- 
tain stages o f pregnancy causes a high percent­
age of cleft palates in the oífspring. Some recent 
epidemiologic studies also suggest that women 
who take corticosteroids during pregnancy are 
at a modestly increased risk for having a child 
with an orofacial cleft.

In Vitro Fertilization
Evidence from several studies indicates that 
in vitro fertilization techniques are associ- 
ated with an increase in birth defects and 
that these rates are higher with intracyto- 
plasmic sperm injection (ICSI) procedures. 
Furtherm ore, any treatm ent for infertiUty,

whether chem ical induction o f ovulation or 
in vitro fertiUzation, is associated with an in­
creased risk for stillbirths, low birth weight, 
and prematurity.

M aternal Disease 
Diabetes
Disturbances in carbohydrate metabolism dur­
ing pregnancy in diabetic mothers cause a high 
incidence o f stillbirths, neonatal deaths, ab- 
normally large infants, and congenital malfor­
mations. The risk o f congenital anomahes in 
children born to mothers with pregestational 
diabetes (diabetes diagnosed before pregnancy; 
both type 1 [insulin dependent] and type 2 
[non-insulin dependent]) is three to four times 
that for offspring of nondiabetic mothers and 
has been reported to be as high as 80% in the 
offspring o f diabetics with long-standing dis­
ease. The increased risk is for a wide variety of 
malformations, including neural tube defects 
and congenital heart defects. There is also a 
higher risk for caudal dysgenesis (sirenomelia: 
see Fig. 5.8, p. 65).

Factors responsible for these abnormalities 
have not been delineated, although evidence 
suggests that altered glucose leveis play a role 
and that insulin is not teratogenic. In this re- 
spect, a significant correlation exists between 
the severity and duration o f the mother’s disease 
and the incidence o f malformations. Also, strict 
control o f maternal glucose levels beginning be­
fore conception and continuing throughout ges- 
tation reduces the occurrence o f malformations 
to incidences approaching those in the general 
population.

The risk for birth defects associated with 
gestational diabetes (diabetes that is first di­
agnosed during pregnancy) is less clear, with 
some, but not all, studies showing a slightly 
increased risk. Given that the onset o f gesta­
tional diabetes is believed to be after the criti- 
cal period for inducing structural birth defects 
(3 to 8 weeks gestation), some investigators 
have suggested that any observed increased 
risk may be due to the fact that some women 
diagnosed with gestational diabetes probably 
had diabetes before pregnancy, but it was not 
diagnosed.

Ph en ylk eto nu ria

Mothers with phenylketonuria (PKU), in 
which the enzyme phenylalanine hydroxylase



Chapter 9 • Birth Defects and Prenatal Diagnosis

is deficient or reduced, resulting in increased 
serum concentrations o f phenylalanine, are at 
risk for having infants with intellectual disability, 
microcephaly, and cardiac defects. Women with 
PKU who maintain their low-phenylalanine diet 
prior to conception and throughout pregnancy 
reduce the risk to their infants to that observed 
in the general population.

Nutrítionaf Deficiencies
Although many nutritional deficiencies, par- 
ticularly vitamin deficiencies, have been proven 
to be teratogenic in laboratory animals, the evi- 
dence for specific cause and efFects in humans 
is more diflicuh to document. One example is 
endemic cretinism, caused by iodíne deñciency 
and characterized by stunted mental and physi- 
cal growth. Recent evidence also indicates that 
methyl-deficient diets alter expression of im- 
printed genes and may result in birth defects 
and diseases, such as cáncer postnatally. Finally, 
recent studies show that poor maternal nutri- 
tion prior to and during pregnancy contributes 
to low birth weight and birth defects and that 
severe starvation during pregnancy is associated 
with a two- to threefold increase in schizophre- 
nia in the offspring.

Obesity
Obesity has reached epidemic proportions in 
the United States and has nearly doubled in the 
past 15 years. In 2007 to 2008, over one-third 
of women of reproductive age were obese 
(body mass índex > 3 0 ).

Prepregnancy obesity is associated with a 
twofold increased risk for having a child with 
a neural tube defect. Causation has not been 
determined but may relate to maternal meta- 
bolic disturbances aífecting glucose, insulin, 
or other factors. Prepregnancy obesity also in- 
creases the risk for having a baby with a heart 
defect, omphalocele, and múltiple congenital 
anomalies.

Hypoxia
Hypoxia induces congenital malformations in a 
great variety o f experimental animals. Whether 
the same is valid for humans remains to be seen. 
Although children born at relatively high alti­
tudes are usually lighter in weight and smaller 
than those born near or at sea level, no increase 
in the incidence o f congenital malformations has 
been noted. In addition, women with cyanotic 
cardiovascular disease often give birth to small

infants but usually without gross congenital 
malformations.

H eavy Metals
Several years ago, researchers in Japan noted 
that a number o f mothers with diets consisting 
mainly o f fish had given birth to children with 
múltiple neurological symptoms resembling 
cerebral palsy. Further examination revealed 
that the fish contained an abnormally high 
level o f organic mercury, which was spewed 
into Minamata Bay and other Coastal waters of 
Japan by large industries. Many o f the moth­
ers did not show any symptoms themselves, 
indicating that the fetus was more sensitive to 
mercury than the mother. In the United States, 
similar observations were made when seed 
corn sprayed with a mercury-containing fun- 
gicide was fed to hogs and the meat was sub- 
sequently eaten by pregnant women. Likewise, 
in Iraq, several thousand babies were affected 
after mothers ate grain treated with mercury- 
containing fungicides.

Lead has been associated with increased 
abortions, growth retardation, and neurological 
disorders.

Male-Mediated Teratogenesis
A number o f studies have indicated that expo- 
sures to chemicals and other agents, such as 
ethylnitrosourea and radiation, can cause mu- 
tations in male germ cells. Epidemiological in- 
vestigations have linked paternal occupational 
and environmental exposures to mercury, lead, 
solvents, alcohol, cigarette smoking, and other 
compounds to spontaneous abortion, low birth 
weight, and birth defects. Advanced paternal 
age is a factor for an increased risk for some types 
of structural birth defects, Down syndrome, and 
new autosomal dominant mutations. With re- 
spect to mutations, men transmit a higher num­
ber of mutations to their children than women 
and the age o f the father is the dominant factor 
in determining how many de novo mutations 
appear in the child. Thus, the age at which males 
reproduce can dramatically aífect the rate of 
genomic change in a population, such that the 
older males are when they produce children the 
more mutations occur in their offspring. Even 
transmission o f paternally mediated toxicity is 
possible through seminal fluid and from house- 
hold contamination from chemicals brought 
home on work clothes by the father.
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Clinical Correlatas

Prevention of Birth Defects
Many b irth  defects can be prevented. For ex- 
am ple, supp lem enta tion  o f sa it w ith  iodine 
e lim inates in te llec tua l d isab ility  and bone 
de fo rm ities  resu lting  from  cretinism. Placing 
wom en w ith  d iabetes or PKU under s tr ic t 
m etabo lic  con tro l p rio r to  conception re ­
duces the  incidence o f b irth  defects in th e ir  
o ffspring. Folate supplem entation lowers 
the  incidence o f neural tube defects, such 
as spina bifida and anencephaly, and aiso 
reduces the  risk fo r hypertherm ia-induced 
abnorm alities. Avo idance o f alcohol during all 
s tages o f pregnancy reduces the  incidence o f

b irth  defects. An essential com ponent o f all 
p revention  s tra teg ies is to  in itia te  in te rven- 
tions  prior to  conception.

It is im portan t fo r physicians prescribing 
m edications to  wom en o f childbearing age to 
consider the possib ility  o f pregnancy and the 
potentia l te ra toge n ic ity  o f the  com pounds. 
Hundreds o f children have been born w ith  
severe b irth  defects produced by retinoids 
(isotretinoin embryopathy), com pounds used 
fo r the  trea tm en t o f cystic acné (isotre tino in 
[Accutane]). Because patien ts w ith  acné are 
usua lly young and m ay be sexua lly active, 
these agents m ust be used cautíously

PRENATAL DIAGNOSIS

The perinatologist has several approaches for as- 
sessing growth and development o f the fetus in 
Utero, including ultrasound, maternal serum  
screening, amniocentesis, and chorionic villus 
sampling (CVS). In combination, these tech- 
niques are designed to detect malformations, 
genetic abnormahties, overall fetal growth, and 
complications o f pregnancy, such as placental or 
uterine abnormalities. The use and development

of in Utero therapies have heralded a new con- 
cept in which the fetus is now a patient.

U ltra s o n o g ra p h y

Ultrasonography is a relatively noninvasive 
technique that uses high-frequency sound waves 
reflected from tissues to create images. The ap- 
proach may be transabdominal or transvaginal, 
with the latter producing images with higher res- 
olution (Fig. 9.7). In fact, the technique, which 
was first developed in the 1950s, has advanced

FIGURE 9.7 Examples of the effectiveness of ultrasound in imaging the embryo and fetus. A. A 6-week 
embryo. B. Lateral vlew of the fetal face. C. Hand. D. Feet.



Chapter 9 • Birth Defects and Prenatal Diagnosis

FIGURE 9.8 A. Ultrasound image sliowing position of tlie  fetal skuli and placement of the needle into the amni- 
otic cavity [arrow] during amniocentesis. B. Twins. Ultrasound showing the presente of two gestational sacs (S].

to a degree whereby detection of blood flow in 
major vessels, movement o f heart valves, and 
flow of fluid in the trachea and bronchi are pos- 
sible. The technique is safe and commonly used, 
with approximately 80% of pregnant women in 
the United States receiving at least one sean.

Important parameters revealed by ultrasound 
include characteristics o f fetal age and growth; 
presence or absence o f congenital anomalies; 
status o f the uterine environment, including the 
amount of amniotic fluid (Fig. 9.8A); placental 
position and umbilical blood flow; and whether 
múltiple gestations are present (Fig. 9.8B). All of 
these factors are then used to determine proper 
approaches for management o f the pregnancy.

Determination of fetal age and growth is cru­
cial in planning pregnancy management, espe- 
cially for low-birth-weight infants. In fact, studies 
show that ultrasound-screened and -managed 
pregnancies with low-birth-weight babies re- 
duced the mortality rate by 60% compared with 
an unscreened group. Fetal age and growth are 
assessed by crown-rump length during the 
5th to the lOth weeks o f gestation. After that, a 
combination o f measurements—including the 
biparíetal díameter (BPD) of the skuli, fémur 
length, and abdominal circumference—are 
used (Fig. 9.9). Múltiple measurements of these 
parameters over time improve the ability to de­
termine the extent o f fetal growth.

Congenital malformations that can be de- 
termined by ultrasound include the neural 
tube defects anencephaly and spina bifida (see 
Chapter 18); abdominal waU defects, such as 
omphalocele and gastroschisis (see Chapter 15); 
and heart (see Chapter 13) and facial defects, in­
cluding cleft lip and palate (see Chapter 17).

Ultrasound can also be used to screen for 
Down syndrome and some other chromosome- 
related abnormalities through a test called 
nuchal translucency. This test involves mea- 
surement o f the translucent space at the poste­
rior o f the baby’s neck, where fluid accumulates 
when Down syndrome and some other abnor­
malities, especially heart defects are present. 
The test is performed at 11 to 14 weeks o f preg­
nancy. Information from this test, combined 
with maternal serum screening test results and 
the mother’s age, can be combined to provide a 
risk estímate for Down syndrome. Then, based 
on this risk assessment, a woman can decide 
whether she wants invasive testing, such as am­
niocentesis, which would provide a definitive 
diagnosis.

Maternal Serum Screening
A search for biochemical markers o f fetal status 
led to development o f maternal serum screen­
ing tests. One of the flrst o f these tests assessed 
serum a-fetoprotein (AFP) concentrations. 
AFP is produced normally by the fetal liver, 
peaks at approximately 14 weeks, and “leaks” 
into the maternal circulation vía the placenta. 
Thus, AFP concentrations increase in maternal 
serum during the second trimester and then 
begin a steady decline after 30 weeks o f gesta­
tion. In cases o f neural tube defects and several 
other abnormalities, including omphalocele, 
gastroschisis, bladder exstrophy, amniotic band 
syndrome, sacrococcygeal teratoma, and intes­
tinal atresia, AFP levels increase in amniotic 
fluid and maternal serum. In other instances, 
AFP concentrations decrease, as, for example, in 
Down syndrome, trisomy 18, sex chromosome
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FIGURE 9.9 Ultrasounds showing measures used to assess embryonic and fetal growth. A. Crown-rump 
length in a 10-week, 6-day fetus. B. Head circumference and biparietal diameter of the skuli [20 weeks], 
C. Abdominal circumference (20 weeks). D. Fémur length (20 weeks).

abnormalities, and triploidy. AFP screening, 
combined with testing other second trimester 
markers (e.g., human cliorionic gonadotropin 
[hCG], unconjugated estriol, and inhibin A) can 
increase the detection rate for birth defects using 
these serum screening studies.

Amniocentesís
During amniocentesís, a needle is inserted trans- 
abdominally into the amniotic cavity (identified 
by ultrasound; Fig. 9.8A), and approximately 20 
to 30 mL o f fluid is withdrawn. Because of the 
amount o f fluid required, the procedure is not 
usually performed before 14 weeks’ gestation, 
when suflicient quantities are available without 
endangering the fetus. Recent studies suggest 
that the risk of fetal loss related to the procedure 
is as low as 1 in 300 to 500 but may be even less 
for individuáis and centers highly skilled in the 
technique.

The fluid itself is analyzed for biochemical 
factors, such as AFP and acetylcholinesterase. In 
addition, fetal cells, sloughed into the amniotic

fluid, can be recovered and used for metaphase 
karyotyping and other genetic analyses (see 
Chapter 2). Unfortunately, the harvested cells 
are not rapidly dividing, and therefore, cell 
cultures containing mitogens must be estab- 
lished to provide sufficient metaphase cells for 
analysis. Thus, results are available 1 to 2 weeks 
after the procedure. Once chromosomes are 
obtained, major chromosomal alterations, 
such as translocations, breaks, trisomies, and 
monosomies, can be identified. With special 
stains (Giemsa) and high-resolution techniques, 
chromosome-banding patterns can be deter- 
mined. Furthermore, with recent advances in 
molecular biology, more sophisticated molecu­
lar analyses using polymerase chain reaction 
(PCR) and genotyping assays have increased the 
level o f detection for genetic abnormalities.

Chorionic Villus Samplíng
CVS involves inserting a needle transabdomi- 
nally or transvaginally into the placental mass 
and aspirating approximately 5 to 30 mg of
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villus tissue. Cells may be analyzed immediately, 
but accuracy o f results is problematic because of 
the high frequency o f chromosomal errors in the 
normal placenta. Therefore, cells from the mes- 
enchymal core are isolated by trypsinization of 
the external trophoblast and cultured. Because 
of the large number o f cells obtained, only 2 to
3 days in culture are necessary to permit genetic 
analysis. Thus, the time for genetic character- 
ization o f the fetus is reduced compared with 
amniocentesis. The risk o f procedure-related 
pregnancy loss from CVS when performed by 
experienced individuáis appears to approach 
that o f amniocentesis. However, there have 
been indications that the procedure carries an 
increased risk for limb reduction defects, espe- 
cially ofthe digits.

In the past, with the exception o f ultrasonog- 
raphy, these prenatal diagnostic tests were not 
used on a routine basis. However, beginning in 
2007, the American College of Obstetricians and 
Gynecologists has recommended that invasive 
testing (amniocentesis or CVS) for aneuploidy 
(abnormal chromosome number) should be 
available to all women, regardless o f maternal 
age. Factors that place women at higher risk in- 
clude the following:

■ Advanced maternal age (35 years and older)
■ Previous family history o f a genetic problem, 

such as the parents having had a child with 
Down syndrome or a neural tube defect

■ The presence o f maternal disease, such as 
diabetes

■ An abnormal ultrasound or serum screening 
test

■  FETAL THERAPY_________________

Fetal Transfusión
In cases o f fetal anemia produced by maternal 
antibodies or other causes, blood transfusions 
for the fetus can be performed. Ultrasound is 
used to guide insertion o f a needle into the um­
bilical cord vein, and blood is transfused directly 
into the fetus.

Fetal Medical Treatment
Treatment for infections, fetal cardiac arrhyth- 
mias, compromised thyroid function, and other 
medical problems is usually provided to the 
mother and reaches the fetal compartment after 
Crossing the placenta. In some cases, however.

agents may be administered to the fetus directly 
by intramuscular injection into the gluteal re­
gión or via the umbilical vein.

Fetal Surgery
Because o f advances in ultrasound and surgi- 
cal procedures, operating on fetuses has be- 
come possible. Because o f risks to the mother, 
infant, and subsequent pregnancies, however, 
procedures are only performed in centers with 
well-trained teams and only when there are no 
reasonable alternatives. Several types o f surger- 
ies may be performed, including placing shunts 
to remove fluid from organs and cavities. For 
example, in obstructivo urinary disease o f the 
urethra, a shunt may be inserted into the fetal 
bladder. One problem is diagnosing the condi- 
tion early enough to prevent renal damage. Ex 
Utero surgery, in which the uterus is opened and 
the fetus is operated on directly, has been used 
for repairing congenital diaphragmatic hernias, 
removing cystic (adenomatoid) lesions in the 
lung, and repairing spina bifida defects. Also, 
in recent years, fetal intervention has become 
available for certain congenital heart defects. At 
this time, however, most fetal surgical interven- 
tions are considered experimental and are un- 
dergoing randomized clinical triáis to determine 
their effectiveness.

Stem Cell Transplantatíon and 
Gene Therapy
Because the fetus does not develop any im- 
munocompetence before 18 weeks’ gestation, 
it may be possible to transplant tissues or cells 
before this time without rejection. Research in 
this field is focusing on hematopoietic stem cells 
for treatment o f immunodeficiency and hema- 
tologic disorders. Gene therapy for inherited 
metabolic diseases, such as Tay-Sachs and cystic 
fibrosis, is also being investigated.

S U M M A R Y
Various agents (Table 9.1, p. 130) and genetic 
factors are known to cause congenital malfor- 
mations and approximately 3% o f all live-born 
infants will have a birth  defect. Agents that 
cause birth defects include viruses, such as ru- 
bella and cytomegalovirus; radiation; drugs, 
such as thalidomide, aminopterin, anticon- 
vulsants, antipsychotics, and antianxiety com- 
pounds; social drugs, such as cigarettes, and 
alcohol; hormones, such as DES; and maternal
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diabetes. Effects of teratogens depend on the 
maternal and fetal genotype, the stage of de- 
velopment when exposure occurs, and the dose 
and duration of exposure of the agent. Most 
major malformations are produced during the 
períod of embryogenesis (teratogenic period; 
thírd to eíghth weeks; Fig. 9.2), but in stages be- 
fore and after this time, the fetus is also suscep­
tible, so that no period of gestation is completely 
free of risk. Prevention of many birth defects is 
possible, but it depends on beginning preventa- 
tive measures before conception and increasing 
physicians’ and women’s awareness o f the risks.

Many techniques are available to assess the 
growth and developmental status o f the fetus. 
Ultrasound can accurately determine fetal age, 
growth parameters, and can detect many mal­
formations. Maternal serum screening for 
a-fetoprotein (AFP) and other markers can 
indícate the presence o f a neural tube defect or 
other abnormalities. Combinations of maternal 
serum screening and ultrasound to detect nuchal 
translucency can be used for detecting Down 
syndrome and some other chromosome-related 
abnormalities. Amniocentesís is a procedure in 
which a needle is placed into the amniotic cav- 
ity and a fluid sample is withdrawn. This fluid 
can be analyzed biochemically and also provides 
cells for culture and genetic analysis. Chorionic 
villas sampling (CVS) involves aspirating a tis- 
sue sample directly from the placenta to obtain 
cells for genetic analysis. Previously, invasive 
procedures, such as amniocentesis and CVS, 
were ofFered only to women at higher risk, such 
as women of advanced maternal age (35 years 
and older), a history o f neural tube defects in 
the family, previous gestation with a chromo- 
some abnormality, chromosome abnormalities 
in either parent, and a mother who is a carrier

for an X-linked disorder. In recent years, risks 
associated with these procedures have decreased, 
and consequently, these procedures have been 
made more widely available.

Modern medicine has also made the fetus 
a patient who can receive treatment, such as 
transfusions, medications for disease, fetal sur- 
gery, and gene therapy.

Problems to Solve

2 .

1. Amniocentesis reveáis an elevated AFP level. 
What should be included in a differential 
diagnosis, and how would a definitive one be 
made?
A 40-year-old woman is approximately 
8 weeks pregnant. What tests are available 
to determine whether her unborn child has 
Down syndrome? W hat are the risks and ad- 
vantages of each technique?

3. Why is it important to determine the status of 
an infant prenatally? What maternal or fam­
ily factors might raise your concern about the 
well-being o f an unborn infant?

4. W hat factors influence the action o f a 
teratogen?

5. A young woman in only the third week o f her 
pregnancy develops a fever o f 104°F but refuses 
to take any medication because she is afraid 
that drugs will harm her baby. Is she correct?

6. A young woman who is planning a fam­
ily seeks advice about folie acid and other 
vitamins. Should she take such a supplement, 
and if  so, when and how much?

7. A young insulin-dependent diabetic woman 
who is planning a family is concerned about 
the possible harmful effects o f her disease on 
her unborn child. Are her concerns valid, and 
what would you recommend?
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C H APTER

The Axial Skeleton

he axial skeleton indudes the skuU, ver­
tebral column, ribs, and sternum. In 
general, the skeletal system develops 

from paraxial and lateral píate (parietal layer) 
mesoderm and from neural crest. Paraxial 
mesoderm forms a segmented series of tissue 
blocks on each side of the neural tube, known as 
somítomeres in the head región and somites from 
the occipital región caudally. Somites diíFerentiate 
into a ventromedial part, the sderotome, and a 
dorsolateral part, the dermomyotome. At the end 
of the fourth week, sderotome ceUs become poly- 
morphous and form loosely organized tissue, 
called mesenchyme, or embryonic connective tis­
sue (Fig. 10.1). Itis characteristic for mesenchymal 
ceUs to migrate and to differentiate in many ways. 
They may become fibroblasts, chondroblasts, or 
osteoblasts (bone-forming cells).

The bone-forming capacity o f mesenchyme is 
not restricted to cells of the sderotome but oc- 
curs also in the parietal layer o f the lateral píate 
mesoderm of the body wall. This layer of meso­
derm forms bones o f the pelvic and shoulder gir-

dles, limbs, and sternum (see page 154). Neural 
crest cells in the head región also differentiate 
into mesenchyme and particípate in formation 
o f bones o f the face and skull. The remainder of 
the skull is derived from occipital somites and 
somitomeres. In some bones, such as the flat 
bones o f the skull, mesenchyme in the dermis 
differentiates directly into bone, a process known 
as intramembranous ossification (Fig. 10.2). In 
most bones, however, including the base o f the 
skull and the limbs, mesenchymal cells ñrst give 
rise to hyaline cartilage models, which in turn 
become ossiñed by endochondral ossiñcation 
(Fig. 10.3). The foUowing paragraphs discuss 
development o f the most important bony struc- 
tures and some o f their abnormalities.

■  SKULL___________________________

The skull can be divided into two parts: the 
neurocranium, which forms a protective case 
around the brain, and the viscerocranium, 
which forms the skeleton of the face.

Neural tube

Dermatome

Neur^folds ventrolateral 
/ \  musde cells

Dorsal aorta

FIGURE 10.1 Development of the somite. A. Paraxial mesoderm cells are arranged around a small cavity. B. As a 
result of further differentiatlon, cells in the ventromedial wall lose their epithelial arrangement and become mes­
enchymal. Collectively, they are called the sderotome. Cells in the ventrolateral and dorsomedial regions form 
muscle cells and also migrate beneath the remaining dorsal epithelium [the dermatome] to form the myotome.
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Bone spicules

Occipital bone

Cervical vertebrae

FIGURE 10.2 SkulI bones of a 3-month-old fetus show the spread of bone spicules from primary ossification 
centers in the fíat bones of the skull.

Secondary 
ossification center

Mesenchyme Cartilage

FIGURE 10.3 Endochondral bone formation. A. Mesenchyme cells begin to condense and differentiate into 
chondrocytes. B. Chondrocytes form a cartilaginous model of the prospective bone. C,D. Blood vesseis in­
vade the center of the cartilaginous model, bringing osteoblasts [black cells] and restricting proliferating 
chondrocytic cells to the ends [epiphyses] of the bones. Chondrocytes toward the shaft side [diaphysis] 
undergo hypertrophy and apoptosis as they mineralize the surrounding matrix. Osteoblasts bind to the min- 
eralized matrix and deposit bone matrices. Later, as blood vesseis invade the epiphyses, secondary ossifica­
tion centers form. Growth of the bones is maintained by proliferation of chondrocytes in the growth plates.
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FIGURE 10.4 Skeletal structures of the head and 
face. Mesenchyme for these structures is derivad 
from neural crest [blue], paraxial mesoderm [somites 
and somitomeres] [red], and lateral píate mesoderm 
lyellow].

Neurocranium
The neurocranium is most conveniently divided 
into two portions: (1) the membranous part, 
consisting o f flat bones, which surround the 
brain as a vault, and (2) the cartilaginous part, 
or chondrocranium, which forms bones of the 
base of the skull.

Membranous Neurocranium
The membranous portion o f the skull is de- 
rived from neural crest cells and paraxial meso­
derm as indicated in Figure 10.4. Mesenchyme 
from these two sources invests the brain and 
undergoes intramembranous ossification. The 
result is formation o f a number o f flat, mem­
branous bones that are characterized by the

presence o f needle-like bone spicules. These 
spicules progressively radiate from primary ossi- 
ñcation centers toward the periphery (Fig. 10.2). 
With further growth during fetal and postnatal 
life, membranous bones enlarge by apposition 
of new layers on the outer surface and by simul- 
taneous osteoclastic resorption from the inside.

Newborn Skull
At birth, the flat bones o f the skull are separated 
from each other by narrow seams o f connective 
tissue, the sutures. At points where more than 
two bones meet, sutures are wide and are called 
fontanelles (Fig. 10.5). The most prominent of 
these is the anterior fontanelle, which is found 
where the two parietal and two frontal bones 
meet. Sutures and fontanelles allow the bones 
o f the skull to overlap (molding) during birth. 
Soon after birth, membranous bones move back 
to their original positions, and the skull appears 
large and round. In fact, the size o f the vault 
is large compared with the small facial región 
(Fig. 10.5B).

Several sutures and fontanelles remain mem­
branous for a considerable time after birth, which 
allows bones o f the vault to continué to grow 
after birth to accommodate postnatal growth of 
the brain. Although a 5- to 7-year-old child has 
nearly all of his or her cranial capacity, some su­
tures remain open until adulthood. In the first 
few years after birth, palpation o f the anterior 
fontanelle may give valuable Information as to

Frontal or 
metopic suture

FIGURE 10.5 Skull of a newborn, seen from above (A) and the right side (B). Note the anterior and posterior 
fontanelles and sutures. The posterior fontanelle closes about 3 months after birth; the anterior fontanelle 
Gloses around the middie of the second year. Many of the sutures disappear during adult life.
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C u t edge 
o f th e  skuli

Foram en
m agnum

FIGURE 10.6 Dorsal v ie w o fth e  chondrocranium, or 
base of the skuli, in the adult showing bones formed 
by endochondral ossification. Bones that form ros­
tral to  the rostral half of the sella turclca arise from 
neural crest and constitute the prechordal (in front 
of the notochord] chondrocranium [blue]. Those 
forming posterior to this landmark arise from par- 
axial mesoderm [chordal chondrocranium) [red].

whether ossification o f the skull is proceeding 
normally and whether intracranial pressure is 
normal. In most cases, the anterior fontanelle 
closes by 18 months of age, and the posterior 
fontanelle closes by 1 to 2 months o f age.

Cartilaginous Neurocranium or 
Chondrocranium
The cartilaginous neurocranium or chondro­
cranium o f the skull initially consists o f a 
number o f separate cartilages. Those that lie 
in front o f the rostral limit o f the notochord, 
which ends at the level o f the pituitary gland in 
the center o f the sella turcica, are derived from 
neural crest cells. They form the prechordal 
chondrocranium . Those that he posterior 
to this limit arise from occipital sclerotomes 
formed by paraxial mesoderm and form the 
chordal chondrocranium . The base o f the 
skull is formed when these cartilages fuse and 
ossify by endochondral ossification (Figs. 10.3 
and 10.6).

Víscerocranium
The viscerocranium, which consists o f the 
bones o f the face, is formed mainly from the 
first two pharyngeal arches (see Chapter 17). 
The first arch gives rise to a dorsal portion, 
the m axillary process, which extends forward 
beneath the región o f the eye and gives rise 
to the m axilla, the zygom atic bone, and part 
o f the tem poral bone (Fig. 10.7). The ventral 
portion, the m andibular process, contains 
the Meckel cartilage. Mesenchyme around 
the M eckel cartilage condenses and ossi- 
fies by intramem branous ossification to give 
rise to the mandible. The M eckel cartilage

FIGURE 10.7 Lateral v iew ofthe 
head and neck región of an oider 
fetus, showing derivatives of the 
arch cartilages participating in 
formation of bones of the face.

Stapes

Meckel 
cartilage

Hyoid bone'^

Thyroid cartilage Cricoid 
cartilage
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disappears except in the sphenom andibular 
ligament. The dorsal tip o f the mandibular 
process, along with that o f the second pharyn- 
geal arch, later gives rise to the incus, the m al- 
leus, and the stapes (Fig. 10.7). Ossification of 
the three ossicles begins in the fourth month, 
making these the first bones to becom e fully 
ossified. Mesenchyme for form ation o f the 
bones o f the face is derived from  neural crest

cells, including the nasal and lacrimal bones 
(Fig. 10.4).

At first, the face is small in comparison with 
the neurocranium. This appearance is caused by
(1) virtual absence of the paranasal air sinuses 
and (2) the small size o f the bones, particularly 
the jaws. W ith the appearance o f teeth and de- 
velopment o f the air sinuses, the face loses its 
babyish characteristics.

Clinical Correlates

Craniofacial Defects and Skeletal Dysplasias

Neural Crest Cells
Neural crest celis orig inating in the neuroecto- 
derm form  the facial skeleton and part of the 
skull. These cells aiso constitu te a vulnerable 
population as they leave the neuroectoderm; 
they are often a target fo r teratogens. Therefore, 
it  is not surprising tha t craniofacial abnorm ali- 
ties are common blrth defects (see Chapter 17).

Craniosch'isis
In some cases, the cranlal vau lt fa ils to  form  (cra- 
nioschisis], and brain tissue exposed to  am ni- 
otlc flu id degenerates, resulting in anencephaly. 
Cranioschlsis is caused by fallure o f the cranlal 
neuropore to  cióse (Fig. 10.8A). Children w ith  
such severe skull and brain defects cannot

survive. Children w ith  relative ly small defects in 
the skull through which meninges and /or brain 
tissue herniate (cranial meningocele and me- 
ningoencephalocele, respectively] [Fig. 10.8S] 
m ay be treated successfully. In such cases, the 
extent o f neurological déficits depends on the 
am ount of damage to  brain tissue.

Croniosynostosis
A nother Im po rtant ca tegory o f crania l ab- 
norm alitles is caused by prem aturo closure 
o f one o r m ore sutures. These abnorm alitles 
are co llective ly known as craniosynostosis, 
w h ich occurs in one in 2,500 b irths and Is a 
feature of more than 100 genetic syndroines. 
Regulation o f su ture  grow th  and closure is 
no t we ll understood bu t m ay Involve in terac- 
t ions between neural c rest-m esoderm  cell

- - - . y .

FIGURE 10.8 A. Child with anencephaly. Cranial neural folds fail to elevate and fuse, leaving the cranial 
neuropore open. The skull never forms, and brain tissue degenerates. B. Patient with meningocele. This 
rather common abnormality may be successfully repaired. [continued]
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boundaries. For exam ple, crest cells fo rm  the 
fron ta l bones, whereas paraxiai mesoderm  
fo rtns the parie tal bones and the loose mes- 
enchym e in the  coronal sutures. AIso, crest 
cells m igrate between the  parie tal bones 
and fo rm  the f irs t pa rt o f the  sag itta l suture. 
M olecular signaling a t these boundaries regu- 
lates cell pro life ra tion  and d iffe ren tia tion . For 
example, EFNB1 encodes ephrin-B I, a ligand 
fo r EphB receptors th a t causes cells to  repel 
each other, a kind o f anti-adhesive a c tiv ity  and 
im po rtan t fo r preventing prem ature suture 
closure. Loss o f func tion  m uta tions in EFNB1 
causes craniofrontonasal syndrome, charac- 
terized by coronal su ture  synostosis and hy- 
perte lorism . P ro lifera tion o f neural crest cells 
in the  fron ta l bones is regulated in part by the 
transcrip tion  factors MSX2 and TWISTI th a t act 
cooperative ly in parallel pathways. M uta tions 
in MSX2 cause Boston-type craniosynostosis 
th a t can a ffec t a num ber o f sutures, whereas 
m uta tions in TWISTI cause Saethre-Chotzen  
syndrome, characterized by coronal suture 
synostosis and polydactyly.

Fibroblast growth factors (FGFs) and fi- 
broblast growth factor receptors (FGFRs] 
p lay im portant roles in m ost of skeletal de- 
velopm ent. There are many m embers o f the 
FGF fam ily  and the ir receptors. Together, they 
regúlate cellular events, including prolifera- 
tíon, d ifferentia tion, and m igration. Signaling 
is mediated by the receptors, which are trans- 
m embrane tyrosine kinase receptors, each of 
which has three extracellu lar im m unoglobulin 
domains, a transmem brane segment, and a 
cytoplasm ic tyrosine kinase domain. FGFRl and 
FGFR2 are coexpressed in prebone and precar- 
tilage regions, including craniofacial structures; 
FGFRS is expressed in the  cartilage grow th 
plates of long bones and in the occipital región. 
In general, FGFR2 increases proliferation, and 
FGFRl prom otes osteogenic differentia tion, 
whereas the role o f FGFRS is unclear. M utations 
in these receptors, which o ften  involve oniy a 
single am ino acid substitu tion, have been 
linked to specific types o f craniosynostosis 
[FGFRl, FGFR2, and FGFRS] and several form s 
o f skeletal dysplasia [FGFRS] (Table 10.1],

The shape o f the  skuli depends on which of 
the  sutures closes prem ature ly. Early closure 
o f the  sag itta l su ture  [57% o f cases] results in 
fron ta l and occip ita l expansión, and the  skuli 
becomes long and narrow  (scaphocephaly] 
[Fig. 10.9]. Prem ature closure o f the  coronal 
sutures (20%  to  25%  o f cases] results in a

short skuli called brachycephaly [Fig. 10.104]. 
If the  coronal sutures cióse prem atu re ly on 
one side oniy, then the  resu lt is an asym m et- 
ric fla tten ing  o f the  skuli called plaglocephaly 
[Fig.10.10B,C].

By fa r the  m ost com m on causes o f cra­
n iosynostosis are genetic [Table 10.1]. Other 
causes include, v itam in  D deficiency; exposure 
to  tera togens, including, diphenylhydanto in, 
retinoids, va lpro ic acid, m ethotrexate , and cy- 
clophospham ide; and in trau te rine  facto rs tha t 
constra in the fetus, such as o ligohydram nios 
and m últip le  b irth  pregnancies.

Skeletal Dysplasias
Achondroplasia (ACH], the m ost common form  
of skeletal dysplasia [1/20,000 live births], pri- 
marily affects the long bones [Fig. 10.11A]. Other 
skeletal defects include a large skuli [megalo- 
cephaly] w ith  a small m idface [Fig. 10.116], short 
fingers, and accentuated spinal curvature. ACH 
is inherited as an autosomal dominant, and 
90%  of cases appear sporadically due to  new 
mutations.

Thanatophoric dysplasia is the  m ost com ­
mon neonata l lethal fo rm  o f skeleta l dys­
plasia [1 /40 ,000  live births], There are tw o  
types; both are autosom al dom inant. Type I 
is characterized by short, curved fem urs w ith  
or w ith o u t c loverlea f skull; type II individuáis 
have stra igh t, re la tive ly  long fem urs and se- 
vere c loverleaf skull caused by craniosynos­
tosis [Fig. 10.12]. A nother te rm  fo r cloverleaf 
skull is kleeblattschádel. It occurs when all o f 
the  sutures cióse prem ature ly, resulting in the 
brain grow ing through  the  an te rio r and sphe- 
noid fontanelles.

Hypochondroplasia, ano ther autosom al 
dom inant fo rm  o f skeleta l dysplasia, appears 
to  be a m ilder type  of ACH. Common to  all o f 
these fo rm s o f skeleta l dysplasias are m uta­
tions  in FGFRS causing abnorm al endochon- 
dral bone form ation , so th a t g row th  o f the  long 
bones and the  base o f the skull are adversely 
affected.

Generalized Skeletal Dysplasia 
Cleidocranial dysostosis is an exam ple of a 
generalized dysplasia o f osseus and dental 
tissues th a t is characterized by late closure 
o f the  fon tane lles and decreased m ineraliza- 
tion  o f the  cranial sutures resulting in boss- 
ing [enlargem ent] o f the  fron ta l, parie tal, and 
occip ita l bones [Fig. 10.1S]. O ther parts o f the 
skeleton are a ffected as well and o ften  tim es 
the clavicles are underdeveloped o r missing.
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Genes Associated with Skeletal Defects

Gene Chromosome Abnormality Phenotype

FGFR1 8p12 Pfeiffer syndrom e Craniosynostosis, broad 
great toes and thumbs, 
cloverleaf skuli, under- 
developed face

FGFR2 10q26 Pfeiffer syndrom e 

Apert syndrome

Jackson-Weiss
syndrome

Crouzon syndrom e

Same

Craniosynostosis, 
underdeveloped face, 
sym m etric syndactyly of 
hands and feet 

Craniosynostosis, 
underdeveloped face, foo t 
anomalies, hands usually 
spared 

Craniosynostosis, 
underdeveloped face, no 
foo t or hand defects

FGFR3 4p16 Achondroplasia [ACH]

Thanatophoric 
dysplasia (type 1) 

Thanatophoric 
dysplasia (type II] 

Hypochondroplasia

S hort-lim b dwarfism, 
underdeveloped face 

Curved short femurs, w ith  or 
w ith ou t cloverleaf skuli 

Relatively long femurs, 
severe cloverleaf skuli 

M ilder form  o f ACH w ith 
normal craniofacial 
features

MSX2 5q35 Boston-type
craniosynostosis

Craniosynostosis

TWIST 7p21 Saethre-Chotzen
syndrome

Craniosynostosis, m idfacial 
hypoplasia, c le ft palate, 
vertebra l anomalies, hand 
and fo o t abnorm alities

H0XA13 Hand-foot-genita l
syndrome

Small, short digits, divided 
uterus, hypospadias

H0XD13 2q31 Synpolydactyly Fused, m últip le  digits

TBX5 12q24.1 Upper limb and 
heart defects

Digit defects, absent radius, 
limb bone hypoplasia, 
atria l and ventricu lar 
septal defects, conduction 
abnorm alities

COLIAIanó
C0LIA2

Limb defects, 
blue sclera

Shortening, bowing, and 
hypom ineralization o f the 
lonq bones, blue sclera

Fibrillin [FBNI] 15q15-21 Marfan syndrome Long limbs and face, sternal 
defects [pectus excavatum 
and carinatum], dilation 
and dissection o f the 
ascending aorta, lens 
dislocation

(continued)
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FIGURE 10.9 Craniosynostosis in- 
volving the sagittal suture. A. Child 
with scaphocephaly caused by 
early closure of the sagittal suture. 
Note the long narrow shape of the 
head with prominent frontal and 
occipital regions. B,C. Computed 
tomography [CT] scans of the 
skuli showing the long narrow 
shape of the head with bossing of 
the frontal and occipital regions 
(B) caused by premature closure 
of the sagittal suture (Cj.

FIGURE 10.10 Craniosynostosis involving the coronal sutures. A. Child with brachycephaly caused by early clo­
sure ofboth coronal sutures. Note the tall shape ofthe skuli with flattened frontal and occipital regions. B. Child 
with plagiocephaly resulting from premature closure of the coronal suture on one side of the skull. C. CT sean 
of the skull showing plagiocephaly resulting from premature closure of the coronal suture on one side.
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FIGURE 10.11 A. Nine-year-oid child with achondroplasia (ACH] showing a large head, short extremities, 
short fingers, and protruding abdomen. B. Lateral view of the patient’s head showing a prominent fore- 
head and midfacial hypoplasia.

FIGURE 10.12 Patient with cloverleaf skuli char- 
acteristic of thanatophoric dwarfism type II. The 
shape of the skuli results from abnormal growth 
of the cranial base, caused by a mutation in 
FGFR3, followed by craniosynostosis. The sagit- 
tal, coronal, and lambdoid sutures are commonly 
involved.

FIGURE 10.13 Child w ith cleidocranial dysos- 
tosis w ith generalized skeletal dysplasias. One 
characteristic of the condition is delayed clo- 
sure of the fontanelles and decreased miner- 
alization of the cranial sutures, such tha t the 
head appears larger due to bossing of the fron ­
tal, parietal, and occipital bones. Other parts of 
the skeleton are affected as well and often the 
clavicles are underdeveloped or missing, as in 
th is case. (continued)
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Acromegaly
Acromegaly is caused by congenita l hyperp i- 
tu ita rism  and excessive production o f g row th  
horm one. It is characterized by d ispropor- 
tiona l enlargem ent o f the face, hands, and 
feet. Sometimes, it  causes m ore sym m etrical 
excessive grow th  and g igantism .

Microcephaly
Microcephaly is usua lly an abnorm a lity  in 
wh ich the  brain fa ils  to  grow  and, as a result, 
the  skuli fa ils  to  expand (Fig. 10.14). Many 
children w ith  m icrocepha ly are severely in te l- 
lectua lly disabled.

FIGURE 10.14 Child with microcephaly show- 
ing a small head due to  the fact that the brain 
failed to grow to its normal size. One cause for 
this abnormality is exposure to alcohol in útero. 
In most cases, microcephaly is associated with 
significant intellectual disabilities.

VERTEBRAE AND THE 
VERTEBRAL COLUMN

Vertebrae form from the sclerotome portions of 
the somites, which are derived from paraxial me- 
soderm (Fig. 10.15A ). A  typical vertebra consists of

a vertebral arch and foramen (through which the 
spinal cord passes), a body, transverse processes, 
and usually a spinous process (Fig. 10.155). 
During the fourth week, sclerotome cells migrate 
around the spinal cord and notochord to merge 
with cells from the opposing somite on the other

Sclerotome Dorsal aorta

FIGURE 10.15 A. Cross section showing the developing regions of a somite. Sclerotome cells are dispersing 
to migrate around the neural tube and notochord to contribute to  vertebral formation. B. Example of a typ i­
cal vertebra showing its various components.
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Notochord
Nucleus Intetvertebral Interveríebral 
pulposus disc disc

Intersegmental ^  ; T , . . I. Precartilagi-  ̂
mesenchyme ^  t

. S< i C « 3  » S  vertebral 
Intersegmental ®  ^  body
—  arteries T  . i. ^

g l  . - . . +  , »  Transverse 
Spi nal -— . “ W  process 
netves -I • . a

S om ites --^  S n '  «  f'brosus
(sclerotome)

FIGURE 10.16 Formation of the vertebral column at various stages of development. A. At the fourth week 
of development, sclerotomic segments are separated by less dense intersegmental tissue. Note the posi- 
tion of the myotomes, intersegmental arteries, and segmental nerves. B. Proüferation of the caudal half of 
one sclerotome proceeds into the intersegmental mesenchyme and cranial half of the subjacent sclerotome 
[orrows]. Note the appearance of the intervertebral discs. C. Vertebrae are formed by the upper and lower 
halves o f two successive sclerotomes and the intersegmental tissue. Myotomes bridge the intervertebral 
discs, and therefore, can move the vertebral column.

side of the neural tube (Fig. 10.15A). As develop­
ment continúes, the sclerotome portion o f each 
somite also undergoes a process called resegmen- 
tatíon. Resegmentation occurs when the caudal 
half o f each sclerotome grows into and fiises with 
the cephalic half of each subjacent sclerotome 
{arrows in Fig. 10.16A,B)- Thus, each vertebra is 
formed from the combination of the caudal half 
of one somite and the cranial half of its neigh- 
bor. As a result of this process, muscles derived 
from the myotome región o f each somite become 
attached to two adjacent somites across the in­
tervertebral discs and can therefore move the 
vertebral column. Patterning of the shapes o f the 
diíferent vertebrae is regulated by HOX  genes.

Mesenchymal cells between cephalic and 
caudal parts o f the original sclerotome segment 
do not proliferate but fill the space between two 
precartilaginous vertebral bodies. In this way, 
they contribute to formation o f the interverte­
bral disc (Fig. I0.16B). Although the notochord 
regresses entirely in the región o f the vertebral

bodies, it persists and enlarges in the región of 
the intervertebral disc. Here it contributes to the 
nucleus pulposus, which is later surrounded 
by circular fibers o f the annulus fíbrosus. 
Combined, these two structures form the inter­
vertebral disc (Fig. 10.16C).

Resegmentation o f sclerotomes into definitive 
vertebrae causes the myotomes to bridge the in­
tervertebral discs, and this alteration gives them 
the capacity to move the spine (Fig. 10.16C). 
For the same reason, intersegmental arteries, 
at first lying between the sclerotomes, now pass 
midway over the vertebral bodies. Spinal nerves, 
however, come to lie near the intervertebral 
discs and leave the vertebral column through the 
intervertebral foramina.

As the vertebrae form, two primary curves of 
the spine are established: the thoracic and sacral 
curvatures. Later, two secondary curves are estab­
lished: the cervical curvature, as the child learns 
to hold up his or her head, and the lumbar curva- 
ture, which forms when the child learns to walk.

Clinical Correlates

Vertebral Defects
The process o f fo rm ation  and rearrange- 
m ent o f segm ental sclerotom es in to  de fin i­
tive  vertebrae is com plicated, and it  is fa ir ly  
com m on to  have tw o  successive vertebrae 
fuse asym m etrica lly or have ha lf a vertebra

missing, a cause o f scoliosis (lateral curving 
of the spine], Also, the  num ber o f vertebrae 
is frequen tly  m ore or less than the  norm. In 
Klippel-Feil sequence, the  cervical vertebrae

¡continued]
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are fused causing reduced m ob ility  and a short 
neck.

One o f the m ost serious vertebra l defects 
is the  resu lt o f im perfect fusión or nonunion 
o f the vertebra l arches. Such an abnorm ality, 
known as cleft vertebra (spina bifida), m ay 
involve on iy  the  bony vertebra l arches, leaving 
the  spinal cord in tact. In these cases, the  bony 
defect is covered by skin, and no neurological 
défic its occur (spina bifida occulta]. A m ore 
severe abnorm ality  is spina bifida cystica, in 
wh ich the  neural tube fa ils to  cióse, vertebra l

arches fa il to  form , and neural tissue is ex- 
posed. Any neurological dé fic its  depend on 
the  level and ex ten t o f the  lesión (Fig. 10.17). 
This defect, which occurs in 1 per 2,500 births, 
m ay be prevented, in m any cases, by provid- 
ing m others w ith  folie acid prior to  conception 
(see Chapter 6, p. 77). Spina bifida can be de- 
tected prenata lly by ultrasound, and if  neural 
tissue is exposed, am niocentesis can detect 
elevated leveis o f a -fe to p ro te in  in the  am ni- 
o tic  flu id . (For the  various types o f spina bifida, 
see Fig. 6.7, p. 78.)

FIGURE 10.17 A. Ultrasound sean of a 26-weekfetus with spina bifida in the lumbosacral región [asterísk]. 
B. Ultrasound sean showing the skuli o f a 26-week fetus with spina bifida. Because of the shape of the 
skuli, the image is called the “ lemon sign,” which occurs in some of these cases and is due to the brain 
being pulled caudally, changing the shape of the head [see Arnold-Chiari malformation, p. 316].

RIBS ANDSTERNUM

The bony portion o f each rib is derived from 
sclerotome cells that remain in the paraxial 
mesoderm and that grow out from the costal 
processes o f thoracic vertebrae. Costal car- 
tilages are formed by sclerotome cells that 
migrate across the lateral somitic frontier 
into the adjacent lateral píate mesoderm (see

Chapter 11 for a description o f the lateral 
somitic frontier). The sternum develops inde- 
pendently in the parietal layer o f lateral píate 
mesoderm in the ventral body waU. Two ster- 
nal bands are formed in the parietal (somatic) 
layer o f lateral píate mesoderm on either side of 
the midline, and these later fuse to form carti- 
laginous models o f the manubrium, sternebrae, 
and xiphoid process.

Clinical Correlates

Rib Defects
Occasionally, extra  ribs are form ed, usually in 
the  lum bar o r cervical regions. Cervical ribs 
occur in app rox im a te ly  1% o f the  population 
and are usually attached to  the  seventh cerv i­
cal vertebra. Because o f its  iocation, th is  type 
o f rib m ay im pinge on the  brachiai p iexus or 
the  subciavian artery, resuiting in varying de- 
grees o f anesthesia in the  iimb.

Defects of the Sternum  

Cleft sternum is a very rare defect and may 
be com ple te o r located a t e ither end o f the 
sternum . Thoracic organs are covered oniy by 
skin and s o ft tissue. The defect arises when 
the  sternai bands fa il to  grow  toge the r in the 
m idline. Hypoplastic ossification centers and 
prem ature fusión of sternai segments aiso 
occur pa rticu larly  in in fan ts  w ith  congenital
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heart defects (20% to  50%). M últip le m anu- 
brial ossification centers occur in 6%  to  20%  
o f all children bu t are especially com m on in 
those w ith  Down syndrome.

Pectusexcavatum is the term  fo r a depressed 
sternum  th a t is sunken posteríoriy. Pectus cari-

natum refers to  a flattening o f the chest bilat- 
erally w ith an anteriorly projecting sternum. The 
projection o f the sternum resembles the keel of 
a boat. Both defects may result from  abnormali- 
ties of ventral body wall closure or form ation of 
the costal cartilages and sternum.

S U M M A R Y
The skeletal system develops from mesenchyme, 
which is derived from the mesodermal germ 
layer and from the neural crest. Some bones, 
such as the flat bones o f the skull, undergo 
intramembranous ossification; that is, mes- 
enchyme cells are directly transformed into os- 
teoblasts (Fig. 10.2). In most bones, such as the 
long bones of the limbs, mesenchyme condenses 
and forms hyaline cartilage models o f bones 
(Fig. 10.3). Ossification centers appear in these 
cartilage models, and the bone gradually ossifies 
by endochondral ossification.

The skull consists o f the neurocranium and 
the viscerocranium (face). The neurocranium 
includes a membranous portion, which forms 
the cranial vault, and a cartilaginous portion, 
the chondrocranium, which forms the base 
of the skull. Neural crest cells form the face, 
part o f the cranial vault, and the prechordal part 
of the chondrocranium (the part that lies ros­
tral to the pituitary gland). Paraxial mesoderm 
forms the remainder of the skull.

The vertebral column and ribs develop 
from the sclerotome compartments o f the 
somites, and the sternum  is derived from  
mesoderm in the ventral body wall. A defini- 
tive vertebra is formed by condensation o f the 
caudal half o f one sclerotome and fusión with 
the cranial half o f the subjacent sclerotome 
(Fig. 10.16).

The many abnormalities o f the skeletal sys­
tem include vertebral (spina bifida), cranial 
(cranioschisis and craniosynostosis), and facial 
(cleft palate) defects. Major malformations of 
the limbs are rare, but defects o f the radius and 
digits are often associated with other abnormali­
ties (syndromes).

m m -
1. Why are cranial sutures important? Are they 

involved in any abnormalities?
2. Explain the origin o f scoliosis as a vertebral 

anomaly. What genes might be involved in 
this abnormality?



Muscular System

ith the exception o f some smooth mus- 
d e tissue (see p. 160), the muscular 
system develops from the mesodermal 

germ layer and consists o f skeletal, smooth, and 
cardiac muscle. Skeletal muscle is derived from 
paraxial mesoderm, which forms somites from 
the occipital to the sacral regions and somito- 
meres in the head. Smooth muscle difFerentiates 
from visceral splanchnic mesoderm surround- 
ing the gut and its derivatives and from ecto- 
derm (pupillary, mammary gland, and sweat 
gland muscles). Cardiac muscle is derived from 
visceral splanchnic mesoderm surrounding the 
heart tube.

■  STRIATED SKELETAL 
MUSCULATURE 

Head musculature (see Chapter 17) is derived 
from seven somitomeres, which are partially 
segmented whorls of mesenchymal cells derived 
from paraxial mesoderm (see Chapter 6, p. 78). 
Musculature o f the axial skeleton, body wall, 
and limbs is derived from somites, which ini- 
tially form as somitomeres and extend from the 
occipital región to the tail bud. Immediately 
after segmentation, these somitomeres undergo 
a process o f epithelization and form a “ball” of 
epithelial cells with a small cavity in the center 
(Fig. 11.lA). The ventral región o f each somite 
then becomes mesenchymal again and forms the 
sclerotome (Fig. I I .IB -D ) , the bone-forming 
cells for the vertebrae and ribs. Cells in the upper 
región o f the somite form the dermatome and 
two muscle-forming areas at the ventrolateral 
(VLL) and dorsomedial (DML) lips (or edges), 
respectively (Fig. 11.IB). Cells from these two 
areas migrate and proliferate to form progenitor 
muscle cells ventral to the dermatome, thereby 
forming the dermomyotome (Figs. 11.1B,C 
and 11.2). Some cells from the VLL región

also migrate into the adjacent parietal layer of 
the lateral píate mesoderm (Fig. 11.IB). Here 
they form infrahyoid, abdominal wall (rectus 
abdominis, internal and external oblique, and 
transversus abdominis), and limb muscles. The 
remaining cells in the myotome form muscles 
of the back, shoulder girdle, and intercostal 
muscles (Table 11.1, p. 158).

Initially, there is a well-defined border be- 
tween each somite and the parietal layer of lat­
eral píate mesoderm called the lateral somitic 
frontier (Fig. 11.IB). This frontier separates two 
mesodermal domains in the embryo:

1. The primaxial domain that comprises the 
región around the neural tube and contains 
only somite-derived (paraxial mesoderm) 
cells

2. The abaxial domain that consists o f the 
parietal layer o f lateral píate mesoderm 
together with somite cells that have mi- 
grated across the lateral somitic frontier

Muscle cells that cross this frontier (those 
from the VLL edge o f the myotome) and enter 
the lateral píate mesoderm comprise the abaxial 
muscle cell precursors and receive many of their 
signáis for difFerentiation from lateral píate 
mesoderm (Fig. 11.3); those that remain in the 
paraxial mesoderm and do not cross the fron­
tier (the remaining VLL cells and all o f the DML 
cells) comprise the primaxial muscle cell pre­
cursors and receive many of their developmen- 
tal signáis from the neural tube and notochord 
(Fig. 11.3). Regardless o f their domain, each 
myotome receives its innervation from spinal 
nerves derived from the same segment as the 
muscle cells.

The lateral somitic frontier also defines the 
border between dermis derived from derma- 
tomes in the back and dermis derived from 
lateral píate mesoderm in the body wall. It also



Chapter 11 • Muscular System j m

A  Ventral 
somite wall

Dorsal aorta

FIGURE 11.1 Cross-sectional drawings showing the stages of development in a somite. A. Mesoderm cells be- 
come epithelial and are arranged around a small lumen. B. Cells in the ventral and medial walls of the somite 
lose their epithelial characteristics and migrate around the neural tube and notochord, and some move into the 
parietal layer of lateral píate mesoderm. Collectively, these cells constitute the sclerotome. Cells at the DML and 
VLL regions of the somite form muscle cell precursors. Cells from both regions migrate ventral to the dermatome 
to form the dermomyotome. VLL cells aiso migrate into the parietal layer of lateral píate mesoderm across the 
lateral somitic frontier [green Une]. In combination, somitic cells and lateral píate mesoderm cells constitute the 
abaxial mesodermal domain, whereas the primaxial mesodermal domain oniy contains somitic cells [paraxial 
mesoderm). C. Together, dermatome cells and the muscle cells that associate with them form the dermomyo­
tome. D. The dermomyotome begins to differentiate: Myotome cells contribute to primaxial muscles, and derma­
tome cells form the dermis of the back.

defines a border for rib development, such that 
the bony components o f each rib are derived 
from primaxial sclerotome cells and the car- 
tilaginous parts o f those ribs that attach to the 
sternum are derived from sclerotome cells 
that migrate across the lateral somitic frontier 
(abaxial cells).

■  INNERVATION OF AXIAL SKELETAL 
MUSCLES________________________

The new description o f muscle development 
characterized by primaxial and abaxial domains 
differs from the oíd concept o f epimeres (back 
muscles) and hypomeres (limb and body wall 
muscles), which was based on a ftinctional
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FIGURE 11.2 Drawing showing musculature in 
the head and neck derived from somitomeres 
and myotomes that form from the occipital 
región caudally in a 7-week embryo.

Orígins of Muscles from Abaxial and Primaxial Precursors

Primaxial Abaxial

Cervical región Scalenes

Geniohyoid

Prevertebral

Infrahyoid

Thoracoabdominal región Intercostals Pectoralis m ajor and m inor 

External oblique 
Internal oblique 

Transversus abdominus 

Sternalis

Rectus abdominus 

Pelvic diaphragm

Upper limb Rhomboids 

Levator scapulae 

Latissimus dorsi

Distal lim b muscles

Lower limb° All lower limb muscles

“The precise orig in  o f m uscles in the  pelv ic región and low er límb has n o t been determ ined, b u t m ost if no t all are abaxial 
in origin.

FIGURE 11.3 Expression patterns of genes that regú­
late somite differentiation. Sonic hedgehog [SHH] and 
noggin, secreted by the notochord and floor píate of 
the neural tube, cause the ventral part of the somite 
to form sclerotome and to express PAXl which in turn 
Controls chondrogenesis and vertebral formation. 
WNT and low concentrations of SHH proteins from 
the dorsal neural tube actívate PAX3, which demar- 
cates the dermatome. WNT proteins aiso direct the 
DML portion of the somite to form muscle precursor 
cells and to express the muscle-specific gene MYF5. 
The dermatome portion of the somite is directed to 
become dermis by neurotrophin 3 (NT-3] secreted 
by the dorsal neural tube. The combined influence of 
activating WNT proteins and inhibitory BMP4 protein 
activates MyoD expression in the VLL región to cre- 
ate a second group of muscle cell precursors.
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Flexor muscle 
of limb

FIGURE 11.4 Cross section through half the embryo 
showing innervation to developing musculature. 
Epaxial [true back muscles] are innervated by dor­
sal [posterior] primary rami. Hypaxial muscles [limb 
and body wall] are Innervated by ventral (anterior) 
primary rami.

definition o f innervation: Epimeric muscles were 
innervated by dorsal primary rami, hypomeric 
muscles by ventral primary rami. The new de- 
scription is based on the actual embryological 
origín of muscle cells from two different popu- 
lations o f muscle cell precursors, the abaxial 
and primaxial cells, and not their innervation. 
The description does not preclude the fact that 
epaxial (above the axis) muscles (back mus­
cles) are innervated by dorsal primary rami, 
whereas hypaxial (below the axis) muscles 
(body wall and limb muscles) are innervated 
by ventral prim ary ram i (Fig. 11.4).

■  MOLECULAR REGULATION OF 
MUSCLE DEVELOPMENT__________

Genes regulating muscle development have re- 
cently been identified. Bone morphogenetic pro- 
tein 4 (BMP4) and probably fibroblast grovrth 
factors from lateral píate mesoderm, together 
with WNT proteins from adjacent ectoderm, sig- 
nal VLL cells o f the dermomyotome to express 
the muscle-specific geneM yoD  (Fig. 11.3). BMP4 
secreted by ectoderm cells induces production 
o f WNT proteins by the dorsal neural tube at 
the same time that low concentrations of sonic 
hedgehog (SHH) proteins, secreted by the noto- 
chord and floor píate of the neural tube, reach the 
DML cells of the dermomyotome. Together these 
proteins induce expression of MYF5 and MyoD  
in these cells (note that SHH does not play a role 
in specifying V L L  cells). Both MyoD  and MYF5 
are members o f a family of transcription factors 
called myogenic regulatory factors (MRFs), and 
this group o f genes activates pathways for muscle 
development.

■  PATTERNINGOF MUSCLES________

Patterns o f muscle formation are controUed by 
connective tissue into which myoblasts migrate. 
In the head región, these connective tissues are 
derived from neural crest cells; in cervical and 
occipital regions, they differentiate from somitic 
mesoderm; and in the body wall and limbs, they 
origínate from the parietal layer of lateral píate 
mesoderm.

■  SKELETAL MUSCLE AND TENDONS

During diíferentiation, precursor cells, the 
myoblasts, fuse and form long, multinucleated 
muscle fibers. Myofibrils soon appear in the 
cytoplasm, and by the end of the third month, 
cross-striations, typical o f skeletal muscle, ap­
pear. A similar process occurs in the seven so- 
mitomeres in the head región rostral to the 
occipital somites. However, somitomeres never 
segregate into recognizable regions o f sclero- 
tome and dermomyotome segments prior to 
difFerentiation. Tendons for the attachment of 
muscles to bones are derived from sclerotome 
cells lying adjacent to myotomes at the anterior 
and posterior borders of somites. The transcrip­
tion factor SCLERAXIS regulates development 
o f tendons.

HEAD MUSCULATURE

All voluntary muscles o f the head región are 
derived from paraxial mesoderm (somito­
meres and somites), including musculature of 
the tongue, eye (except that o f the iris, which 
is derived from optic cup ectoderm), and that 
associated with the pharyngeal (visceral) arches 
(Table 11.2, p. 160, and Fig. 11.2). Patterns of 
muscle formation in the head are directed by 
connective tissue elements derived from neural 
crest cells.

LIMB MUSCULATURE

The first indication o f limb musculature is 
observed in the seventh week o f development 
as a condensation o f mesenchyme near the
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Orígins of the Craniofacial Muscles

Mesodermal Origin

Somitom eres 1 and 2 
Somitom ere 3 

Somitom ere 4 

Somitom ere 5 

Somitom ere 6 

Somitom ere 7 

S o m ites i and 2 

Somites 2-5°

Muscles

Superior, medial, ventral recti 

Superior oblique 

Jaw closing 

Lateral rectus

Jaw opening, other second arch 

S tylopharyngeus 

Intrinsic laryngeals 

Tongue

Innervation

Oculom otor [III] 

Trochiear [IV] 

Trigeminal [V] 

Abducens [VI]

Facial [VII]

Glossopharyngeal [IX] 
Vagus [X]

Hypoglossal [XII]

“Som ites 2 to  5 cons titu te  th e  occip ita l group [som ite 1 degenerates fo r the  m ost part).

base o f the limb buds (Fig. 11.2). The mesen- 
chyme is derived from dorsolateral cells o f the 
somites that migrate into the limb bud to form 
the muscles. As in other regions, connective 
tissue dictates the pattern o f muscle forma- 
tion, and this tissue is derived from the pa­
rietal layer o f lateral píate mesoderm, which 
also gives rise to the bones o f the limb (see 
Chapter 12).

■  CARDIAC MUSCLE________________

Cardiac muscle develops from splanchnic 
mesoderm surrounding the endothelial heart 
tube. Myoblasts adhere to one another by special 
attachments that later develop into intercalated 
discs. Myofibrils develop as in skeletal muscle, 
but myoblasts do not fuse. During later devel- 
opment, a few special bundles o f muscle cells 
with irregularly distributed myofibrils become 
visible. These bundles, Purkinje fibers, form the 
conducting system o f the heart.

SMOOTH MUSCLE

Smooth muscle for the dorsal aorta and large ar- 
teries is derived from lateral píate mesoderm and 
neural crest cells. In the coronary arteries, smooth 
muscle originates from proepicardial cells (see 
Chapter 13) and neural crest cells (proximal seg- 
ments). Smooth muscle in the wall of the gut and 
gut derivatives is derived from the splanchnic layer 
o f lateral píate mesoderm that surrounds these 
structures. Only the sphincter and dilator muscles 
o f the pupil and muscle tissue in the mammary 
and sweat glands are derived from ectoderm.

Serum response factor (SRF) is a transcrip- 
tion factor responsible for smooth muscle cell 
differentiation. This factor is upregulated by 
growth factors through kinase phosphorylation 
pathways. Myocardin and m yocard in -re lated  
transcription  fa c to rs  (M RTFs) then act as co- 
activators to enhance the activity o f SRF, thereby 
initiating the genetic cascade responsible for 
smooth muscle development.

Clinical Correlates

Partial or com ple te absence o f a muscle 
is com m on and usually no t deb ilita ting . 
Examples include partia l o r com ple te absence 
o f the  palmaris longus, serra tus anterior, or 
quadratus fem oris muscles. A m ore serious 
defect is called Poland sequence th a t occurs 
in 1 per 20 ,000  individuáis and is characterized 
by absence o f the  pectora lis m inor and partial 
loss o f the  pectoralis m ajor (usually the  sternal 
head) muscles [Fig. 11.5). The nipple and areola 
are absent or displaced, and there  are o ften

dig ita l defects [syndactyly [fused d ig its] and 
brachydactyly [short d ig its ]] on the  affected 
side. The d isfiguring  nature o f the defects can 
be problem atic, especially in fem ales because 
o f breast developm ent.

Partial or com ple te absence o f abdominal 
m uscula ture is called prune belly syndrome 
[Fig. 11.6). Usually, the  abdom inal waW is so 
th in  th a t organs are vis ib le and easily pal- 
pated. This defect is som etim es associated 
w ith  m alform ations o f the  urinary tra c t and
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bladder, including urethra l obstruction . These 
defects cause an accum ulation o f flu id  th a t 
d istentís the  abdomen, resulting ¡n a trophy o f 
the  abdom inal muscles.

Muscular dystrophy is the  te rm  fo r a 
group o f inherited tnuscle diseases th a t cause 
Progressive m uscular wasting and weakness.

FIGURE 11.5 Poland sequence. The pectoralis 
minor and part o f the pectoralis major muscles 
are missing on the patient’s le ft side. Note dis- 
placement of the nipple and areola.

There are a large num ber o f these types of 
diseases o f which Duchenne muscular dys­
trophy (DMD] is the m ost com m on (1 per
4 ,0 0 0  male births). The disease is inherited as 
X-linked recessive such th a t males are much 
m ore o ften  a ffected than females. Both DMD 
and Becker muscular dystrophy (BMD) are 
caused by m uta tions in the  gene fo r dystro- 
phin on the  X chrom osom e. However, in DMD, 
no functiona l dystroph in  is made and the  dis­
ease is much m ore severe w ith  an earlier onset 
(< 5  years o f age versus 8 to  25 years of age in 
BMD). Dystrophin is a cytoplasm ic prote in tha t 
fo rm s a dystroph in -associa ted prote in com - 
p lex linking the  cytoskele ton to  the  extrace l- 
lu lar m atrix.

FIGURE 11.6 Prune belly syndrome: a distended ab­
domen from atrophy of abdominal wall musculature.

S U M M A R Y
Most muscles arise from the mesoderm. Skeletal 
muscles are derived from paraxial mesoderm, in­
cluding (1) somites, which give rise to muscles 
o f the axial skeleton, body wall, and limbs, and
(2) somitomeres, which give rise to muscles of 
the head. Progenitor cells for muscle tissues are 
derived from the ventrolateral (VLL) and dorso- 
medial (DML) edges (lips) o f the prospective der- 
momyotome. Cells from both regions contribute 
to formation o f the myotome. Some cells from 
the VLL also migrate across the lateral somitic 
frontier into the parietal layer o f the lateral píate 
mesoderm. This frontier or border separates two 
mesodermal domains in the embryo: (1) the pri- 
maxial domaín that surrounds the neural tube 
and contains only somite-derived cells (paraxial 
mesoderm) and (2)the abaxial domain that con- 
sists o f the parietal layer o f lateral píate meso­
derm in combination with somite-derived cells

that migrate across the frontier into this región 
(Fig. 11.1). Abaxial muscle precursor cells diífer- 
entiate into infrahyoid, abdominal wall (rectus 
abdominus, extem al and internal obliques, 
transversus abdominus), and limb muscles. 
Primaxial muscle precursor cells form muscles 
of the back, some muscles of the shoulder gir- 
dle, and intercostal muscles (Table 11.1, p. 158). 
Muscles o f the back (epaxial muscles) are inner- 
vated by dorsal primary rami; muscles o f the 
limbs and body wall (hypaxial muscles) are in- 
nervated by ventral primary rami. Molecular 
signáis for muscle cell induction arise from tis­
sues adjacent to prospective muscle cells. Thus, 
signáis from lateral píate mesoderm (BMPs) 
and overlying ectoderm (WNTs) induce VLL 
cells, whereas signáis from the neural tube and 
notochord (SHH and WNTs) induce DML cells. 
Connective tissue derived from somites, pari­
etal mesoderm, and neural crest (head región)
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provides a témplate for establishment of muscle 
patterns. Most smooth muscles and cardiac mus­
cle fibers are derived from splanchnic mesoderm.
Smooth muscles o f the pupil, mammary gland, 
and sweat glands differentiate from ectoderm.

LLfflaaaa»-----------
1. Muscle cells are derived from what two regions 

o f the somite? Which región contributes to the 
abaxial mesodermal domain? What muscles 
form from the abaxial and primaxial domains?

2. In  examining a newborn female infant, you 
note that her right nipple is displaced to- 
ward the axilla and that the right anterior 
axillary fold is nearly absent. W hat is your 
diagnosis?

3. Patterning o f muscles is dependent on what 
type o f tissue?

4. How do you explain the fact that the phrenic 
nerve, which originates from cervical seg- 
ments 3, 4, and 5, innervates the diaphragm 
in the thoracic región?



Limbs

LIMBGROWTH AND 
DEVELOPMENT

The limbs, including the shoulder and pelvic 
girdles, comprise the appendicular skeleton. At 
the end of the fourth week of development, Umb 
buds become visible as outpocketings from the 
ventrolateralbodywall (Fig. 12.1A).Theforelimb 
appears first foUowed by the hind limb 1 to 2 days 
later. Initially, the limb buds consist o f a mesen- 
chymal core derived from the parietal (somatic) 
layer o f lateral píate mesoderm that will form the 
bones and connective tissues of the limb, covered 
by a layer o f cuboidal ectoderm. Ectoderm at the 
distal border of the limb thickens and forms the 
apical ectodermal ridge (AER) (Fig. 12.2; see 
also Fig. 12.9A). This ridge exerts an inductive 
influence on adjacent mesenchyme, causing it 
to remain as a population o f undifFerentiated, 
rapidly proliferating cells, the undííferentiated 
zone. As the limb grows, cells farther from the 
influence of the AER begin to differentiate into 
cartilage and muscle. In this manner, develop­
ment o f each limb proceeds proximodistally into 
its three components: stylopod (humerus and

fémur), zeugopod (radius/ulna and tibia/fibula), 
and autopod (carpels, metacarpals, digits/tar- 
sals, digits/metatarsals).

In 6-week-old embryos, the terminal por- 
tion of the limb buds becomes flattened to form 
the hand- and footplates and is separated from 
the proximal segment by a circular constriction 
(Fig. 12.IB). Later, a second constriction divides 
the proximal portion into two segments, and 
the main parts o f the extremities can be recog- 
nized (Fig. 12.IC). Fingers and toes are formed 
when cell death in the AER separates this ridge 
into five parts (Fig. 12.3A). Further formation 
o f the digits depends on their continued out- 
growth under the influence o f the five segments 
o f ridge ectoderm, condensation o f the mesen­
chyme to form cartilaginous digital rays, and 
the death o f intervening tissue between the rays 
(Fig. 12.3B,C).

Development o f the upper and lower limbs is 
similar except that morphogenesis o f the lower 
limb is approximately 1 to 2 days behind that of 
the upper limb. Also, during the seventh week of 
gestation, the limbs rotate in opposite directions. 
The upper limb rotates 90° laterally, so that the

FIGURE 12.1 Development of the limb buds in human embryos. A. At 5 weeks. B. At 6 weeks. C. At 8 weeks. 
Hind limb development lags behind forelimb development by 1 to  2 days.
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Ectoderm Apical ectodermal ridge 
(AER)

Apical ectodermal ridge 
(AER)

FIGURE 12.2 A. Longitudinal section through the limb bud of a chick embryo, showing a core of mesen- 
chyme covered by a ¡ayer o f ectoderm that thickens at the distal border of the limb to form the AER. In hu­
ma ns, this occurs during the fifth  week of development. B. External view of a chick limb at high magnification 
showing the ectoderm and the specialized región at the tip of the limb called the AER.

extensor muscles lie on the lateral and posterior 
surface, and the thumbs lie laterally, whereas the 
lower limb rotates approximately 90° medially, 
placing the extensor muscles on the anterior 
surface and the big toe medially.

While the external shape is being established, 
mesenchyme in the buds begins to condense, 
and these cells differentiate into chondrocytes 
(Fig. 12.4). Bythe sixth week of development, the

first hyaline cartilage models, foreshadowing 
the bones o f the extremities, are formed by these 
chondrocytes (Figs. 12.4 and 12.5). Joints are 
formed in the cartilaginous condensations when 
chondrogenesis is arrested, and a joint interzone 
is induced. Cells in this región increase in num- 
ber and density, and then a joint cavity is formed 
by cell death. Surrounding cells diíFerentiate into 
a joint capsule. Factors regulating thepositioning

Areas o f cell death

Areas o f cell death

FIGURE 12.3 Schematic of human hands. A. At 48 days. Cell death in the AER creates a separate ridge for 
each digit. B. At 51 days. Cell death in the interdigital spaces produces separation of the digits. C. At 56 days. 
Digit separation is complete.
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llium
Fémur \  Pubis

Footpiate cartilages

Fémur 

Fibula 

Tarsal cartilages

^Tarsal cartilages 

-  Metatarsal cartilages

FIGURE 12.4 A. Lower extremity of an early 6-week embryo, illustrating the firs t hyaline cartilage models. 
B,C. Complete set of cartilage models at the end of the sixth week and the beginning of the eighth week, 
respectively.

of joints are not clear, but the secreted molecule 
W NT14 appears to be the inductive signal.

Ossification o f the bones o f the extremities, 
endochondral ossiñcatíon, begins by the end 
o f the embryonic period. Primary ossification 
centers are present in all long bones o f the 
hmbs by the 12th week o f development. From 
the primary center in the shaft or diaphysis of 
the bone, endochondral ossification gradually 
progresses toward the ends o f the cartilaginous 
model (Fig. 12.5).

At birth, the diaphysis of the bone is usu- 
ally completely ossified, but the two ends, the 
epiphyses, are still cartilaginous. Shortly there- 
after, however, ossification centers arise in the 
epiphyses. Temporarily, a cartilage píate remains 
between the diaphyseal and epiphyseal ossifica­
tion centers. This píate, the epiphyseal píate, 
plays an important role in growth in the length 
of the bones. Endochondral ossification proceeds 
on both sides of the píate (Fig. 12.5). When the 
bone has acquired its full length, the epiphyseal 
plates disappear, and the epiphyses unite with the 
shaft o f the bone.

In long bones, an epiphyseal píate is found 
on each extremity; in smaller bones, such as the 
phalanges, it is found only at one extremity; and 
in irregular bones, such as the vertebrae, one or 
more primary centers of ossification and usually 
several secondary centers are present.

Synovial joints between bones begin to form 
at the same time that mesenchymal condensa- 
tions initiate the process of forming cartilage. 
Thus, in the región between two chondrifying 
bone primordia, called the interzone (e.g., be­
tween the tibia and fémur at the knee joint), the 
condensed mesenchyme differentiates into dense 
fibrous tissue. This fibrous tissue then forms 
articular cartilage, covering the ends of the two 
adjacent bones; the synovial membranas; and 
the menisci and ligaments within the joint 
capsule (e.g., the anterior and posterior cruciate 
ligaments in the knee). The joint capsule itself is 
derived from mesenchyme cells surrounding the 
interzone región. Fibrous joints (e.g., the sutures 
in the skull) also form from interzone regions, 
but in this case, the interzone remains as a dense 
fibrous structure.
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Secondary 
ossification center

Mesenchyme

fe

FIGURE 12.5 Endochondral bone formation. A. Mesenchyme cells begin to  condense and differentiate into 
chondrocytes. B. Chondrocytes form a cartilaginous model of the prospective bone. C,D. Blood vesseis 
invade the center of the cartilaginous model, bringing osteoblasts [black cells] and restricting proliferating 
chondrocytic cells to the ends [epiphyses] of the bones. Chondrocytes toward the shaft side [diaphysis] 
undergo hypertrophy and apoptosis as they mineralize the surrounding matrix. Osteoblasts bind to the 
mineralized matrix and deposit bone matrices. Later, as blood vesseis invade the epiphyses, second­
ary ossification centers form. Growth of the bones is maintained by proliferation of chondrocytes in the 
growth plates.

LIMBMUSCULATURE

Limb musculature is derived from dorsolateral 
cells o f the somites that migrate into the limb 
to form muscles, and initially, these muscle 
components are segmented according to the 
somites from which they are derived (Fig. 12.6).

However, with elongation o f the limb buds, the 
muscle tissue first splits into flexor and exten­
sor components (Fig. 12.7) and then additional 
splittings and ftisions occur, such that a single 
muscle may be formed from more than one 
original segment. The resulting complex pattern

FIGURE 12.6 Muscle cells for the limbs are 
derived from somites at specific segmental 
levels. For the upper limb, these segments 
are C5-T2; for the hind limb, they are L2-S2. 
Ultimately, muscles are derived from more 
than one segment and so the initial segmenta- 
tion pattern is lost.

Mesenchymal Epithelial ridge Eye 
condensation 

of limb bud
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Dorsal primary 
ramus

Ventral primary 
ramus

Flexor muscle 
of limb

FIGURE 12.7 As muscle cells move into the limb, 
they spiit into dorsal [extensor] and ventral (flexor) 
compartments. Muscles are innervated by ven­
tral primary rami that initially divide to form dor­
sal and ventral branches to  these compartments. 
Ultimately, branches from their respective dorsal 
and ventral divisions unite into large dorsal and 
ventral nerves.

of muscles is determined by connective tissue 
derived from lateral píate mesoderm.

Upper limb buds lie opposite the lower 
five cervical and upper two thoracic seg­
ments (Fig. 12.6), and the lower limb buds lie 
opposite the lower four lumbar and upper two

sacral segments. As soon as the buds form, 
ventral primary rami from the appropriate 
spinal nerves penetrate into the mesenchyme. 
At first, each ventral ramus enters with dorsal 
and ventral branches derived from its specific 
spinal segment, but soon branches in their re­
spective divisions begin to unite to form large 
dorsal and ventral nerves (Fig. 12.7). Thus, the 
radial nerve, which supplies the extensor mus- 
culature, is formed by a combination o f the 
dorsal segmental branches, whereas the ulnar 
and m edian nerves, which supply the flexor 
musculature, are formed by a combination of 
the ventral branches. Immediately after the 
nerves have entered the limb buds, they estab- 
lish an intímate contact with the differentiat- 
ing mesodermal condensations, and the early 
contact between the nerve and muscle cells is 
a prerequisite for their complete functional 
diíferentiation.

Spinal nerves not oniy play an important 
role in diíferentiation and m otor innervation of 
the limb musculature but also provide sensory 
innervation for the dermatomes. Although 
the original dermatomal pattern changes with 
growth and rotation o f the extremities, an or- 
derly sequence can still be recognized in the 
adult (Fig. 12.8).

FIGURE 12.8 Forelimbs with their sensory innervation to  the dermatomes represented. Note that sensory 
innervation to the limb maintains a segmental pattern reflecting the embryological origin of each derma- 
tome and its innervation.
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M o le cu la r R e g u la tio n  o f  L ím b  
D e v e lo p m e n t

Positioning of the limbs along the craniocaudal 
axis in the flank regions o f the embiyo is regulated 
by the HOX genes expressed along this axis. These 
homeobox genes are expressed in overlapping 
patterns from head to tail (see Chapter 6, p. 88), 
with some having more cranial limits than others. 
For example, the cranial limit of expression of 
H0XB8  is at the cranial border of the forelimb, 
and misexpression of this gene alters the position 
of these limbs. Specification o f the forelimb is reg­
ulated by the transcription factor TBX5; specifica­
tion o f the hind limb is regulated by TBX4.

Once positioning along the craniocaudal axis 
is determined, growth must be regulated along the 
proximodistal, anteroposterior, and dorsoventral 
axes (Fig. 12.9). Limb outgrowth is initiated by

fibroblast growth factor 10 (FGFIO) secreted by 
lateral píate mesoderm cells (Fig. 12.9A). Once 
outgrowth is initiated, bone morphogenetic 
proteins (BMPs), expressed in ventral ecto- 
derm, induce formation of the AER by signaling 
through the homeobox gene MSX2. Expression of 
RADICAL FRINGE, a homologue of Drosophila 
fringe, in the dorsal half o f the limb ectoderm, re- 
stricts the location of the AER to the distal tip of 
the limbs. This gene induces expression of SER2, a 
homologue o f Drosophila serrate, at the border be- 
tween cells that are expressing RADICAL FRINGE 
and those that are not. It is at this border that the 
AER is established. Formation o f the border itself 
is assisted by expression of ENGRAILED-1 in 
ventral ectoderm ceUs, because this gene represses 
expression of RADICAL ERINGE (Fig. 12.9A). 
After the ridge is established, it expresses FGF4

Proximodistal

FGF-10

□  RADICAL FRINGE
□  ENGRAILED-1
□  SER-2

□  FGF-4and 
FGF-8

Undifferentiated 
zone of proliferating 

A mesenchyme 
, E .♦i R,

Differentiating
zone

Anterior-posterior
mesenchyme

Dorsoventral

ZPA

□  SONIC HEDGEHOG

B

□  WNT-7
□  ENGRAILED-1
□  LMX1

FIGURE 12.9 Molecular regulation of patterning and growth in the limb. A. Limb outgrowth is initiated by 
FGFIO secreted by lateral píate mesoderm in the limb-forming regions. Once outgrowth is initiated, the AER 
is induced by BMPs and restricted in its location by the gene Radical fringe  expressed in dorsal ectoderm. 
In turn, this expression induces that of SER2 in cells destined to form the AER. After the ridge is established, it 
expresses FGF4 and FGF8 to maintain the progress zone, the rapidly proliferating mesenchyme cells adjacent 
to the ridge. B. Anteroposterior patterning of the limb is controlled by cells in the ZPA at the posterior border. 
These cells produce retinoic acid (vitamin A], which initiates expression of SHH, regulating patterning. C. The 
dorsoventral limb axis is directed by WNTTa, which is expressed in the dorsal ectoderm. This gene induces 
expression of the transcription factor LMX1 in the dorsal mesenchyme, specifying these cells as dorsal.
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Differentiation Differentiation 
zone

^  I Undifferentiated

Í ^ I S I  H0XA11 AP2

B C
FIGURE 12.10 Drawing showing limb patterning along the proximodistal axis. A. During early stages of limb 
outg row th, cells beneath the  AER are maintained in a highiy pro liferative  und ifferentiated State (the und ifferen­
tiated zone] by exposure to FGFs secreted by the AER. Meanwhiie, cells that are farther away from the AER are 
exposed to retinoic acid secreted by fiank mesenchyme cells. These two cell populations meet at the differentia­
tion front. B. As continued growth occurs, proximal cells under the influence of retinoic acid and a genetic cas- 
cade differentiate into the stylopod. As this process occurs, the differentiation front moves distally and, under 
the influence ofSHH and other genes, the zeugopod differentiates. C. Finally, secretion of FGFs by the AER is ter- 
minated and the autopod differentiates. While the AER is active, the marker gene for the undifferentiated zone 
is the transcription factor >4P2 (B), which may play a role in maintaining FGF secretion by the AER. Marker genes 
forthe  threedifferentiated limb regions (C) include ME/SÍ (stylopod), HOXAH (zeugopod], and H0XA13 [autopod].

and FGFS, which maintain the undifferentiated 
zone, the rapidly proliferating population of mes­
enchyme cells adjacent to the ridge (Fig. 12.9A). 
Distal growth o f the limb is then effected by these 
rapidly proliferating cells under the influence of 
the FGFs. As growth occurs, mesenchymal cells at 
the proximal end of the undifferentiated zone are 
no longer influenced by signáis from FGFs and, 
instead, begin to differentiate under the control 
of other signaling molecules (Fig. 12.10). For ex- 
ample, retinoic acid, made in flank mesenchyme 
cells, acts as a morphogen to initiate a genetic 
cascade to specify and cause differentiation of 
the stylopod. A marker gene for this región is the 
transcription factor M EISl that may particípate in 
this process. Differentiation of the zeugopod and 
autopod regions involves other genes, including 
SONIC HEDGEHOG (SHH). Marker genes for 
these regions are H O X A ll for the zeugopod and 
H 0X A 13  for the autopod (Fig. 12.10C). It is not 
clear whether or not these markers play a role in 
the differentiation process, but HOX  genes in gen­
eral play a critical role in patterning the bones of 
the limbs.

Patterning o f the anteroposterior axis of 
the limb is regulated by the zone of polarizing 
activity (ZPA), a cluster o f mesenchymal cells 
at the posterior border o f the limb near the AER 
(Fig. 12.9B). These cells produce the secreted fac­
tor SHH, a morphogen that contributes to speci- 
fication of the anteroposterior axis. For example.

digits appear in the proper order, with the thumb 
on the radial (anterior) side. As the limb grows, 
the ZPA moves distalward to remain in proximity 
to the posterior border o f the AER. Misexpression 
o f SHH  in the anterior margin of a limb contain- 
ing a normally expressing ZPA in the posterior 
border results in a mirror image duplication of 
limb structures (Fig. 12.11).

senchym e

FIGURE 12.11 Experimental procedure for grafting 
a new ZPA from one limb bud into another using 
chick embryos. The result is the production of a limb 
with mirror image duplication of the digits much like 
that shown in the adjacent figure, indicating the role 
of the ZPA in regulating anteroposterior patterning 
of the limb. SHH protein is the molecule secreted by 
the ZPA responsible for this regulation.
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The dorsoventral axis is also regulated by 
BMPs in the ventral ectoderm, which induce ex- 
pression of the transcription factor E N l. In turn, 
EN l represses W NT7a expression, restricting it 
to the dorsal limb ectoderm. WNT7a is a se- 
creted factor that induces expression o f LM X l, 
a transcription factor containing a homeodo- 
main, in the dorsal mesenchyme (Fig. 12.9C). 
LM X l specifies cells to be dorsal, establish- 
ing the dorsoventral components. In addition, 
WNT7a maintains SHH  expression in the ZPA 
and therefore indirectly affects anteroposte- 
rior patterning as well. These two genes are 
also intimately linked in signaling pathways in 
Drosophila, and this interaction is conserved in 
vertebrates. In fact, all o f the patterning genes in 
the limb have feedback loops. Thus, FGFs in the 
AER activate SHH  in the ZPA, whereas WNT7a 
maintains the SHH signal, which in turn can up- 
regulate FGF  expression in the AER.

Although patterning genes for the limb axes 
have been determined, it is the HOX  genes that 
regúlate the types and shapes of the bones o f the 
limb. This HOX gene expression is dependent 
upon the combinatoria! ejq)ression of FGF, SHH, 
and WNT7a genes that cause HOX  expression in 
three phases in the limb that correspond to the 
proximal (stylopod: humerus and fémur), middle 
(zeugopod: radius/ulna; tibia/ fíbula), and distal 
(autopod: hand and foot) regions. Genes of the 
HOXA and D  clusters are the primary determinants 
in the limb accounting for patterning the bones. 
Thus, misexpression o f either of these two genes 
may result in limb truncations and anterior-poste- 
rior duplications. Just as in the craniocaudal axis of 
the embryo, HOX  genes are nested in overlapping 
patterns of expression that somehow regúlate pat­
terning. Factors designating forelimb versus hind 
limb are the transcription factors TBX5 (forelimbs) 
and TBX4 together with PITXl (hind limbs).

Clinical Correlates

Bone Age
Radiologists use the  appearance o f various os- 
s ifica tion centers to  determ ine w hether a child 
has reached his or her proper m atu ra tion  age. 
Useful in form ation about bone age is obtained 
from  ossification studies in the  hands and w ris ts  
o f children. Prenatal analysis o f fe ta l bones by 
u ltrasonography provides in form ation  about 
fe ta l grow th and gestationa l age.

Limb Defects
Limb m alform ations occur in approx im ate ly  6 
per 10,000 live births, w ith  3.4 per 10,000 af- 
fecting  the  upper lim b and 1.1 per 10,000 af- 
fecting  the lower. These defects are often 
associated w ith  o ther birth defects involv- 
ing the  craniofaclal, cardiac, and gen itouri- 
nary systems. A bnorm alities o f the  lim bs vary 
greatly, and they  m ay be represented by par- 
tia l (meromelia) or com plete absence (amelia] 
o f one or m ore o f the  extrem ities (Fig. 12.12A]. 
Sometimes, the long bones are absent, and ru- 
d im entary hands and fee t are attached to  the 
trun k  by small, irregularly shaped bones [pho- 
comelia, a fo rm  o f meromelia) (Fig. 12.12S]. 
Sometimes, all segm ents o f the  extrem ities 
are present bu t abnorm ally short (micromelia).

Although these abnorm alities are rare and 
m ain ly hereditary, cases o f te ra togen-induced

lim b defects have been docum ented. For ex- 
ample, m any children w ith  limb m alform ations 
were born between 1957 and 1962. Many m oth - 
ers o f these in fan ts  had taken thalidomide, a 
drug w ide ly  used as a sieeping pill and antin - 
auseant. It was subsequently established th a t 
tha lidom ide causes a characteristic syndrom e 
o f m alfo rm ations consisting o f absence or 
gross deform ities o f the  long bones, in te s ti­
nal atresia, and cardiac anomalies. Studies in ­
dícate th a t the  fou rth  and the  f if th  weeks o f 
gesta tion  are the  m ost sensitive period fo r  in- 
duction o f the limb defects. Because the  drug 
is now being used to  tre a t AIDS and cáncer pa- 
tien ts, d is tribu tion  o f tha lidom ide is carefu lly 
regulated to  avoid its use by pregnant women.

A d iffe ren t category o f lim b defects involves 
the  digits. Sometimes, the  d ig its are shortened 
(brachydactyly; Fig. ^2^3A]. If tw o  o r m ore fin - 
gers o r toes are fused, i t  is called syndactyly 
(Fig. 12.138). Normally, m esenchym e between 
prospective dig its in hand- and foo tp ia tes  is re­
m oved by cell death (apoptosisj. In 1 per 2 ,000 
births, th is  process fails, and the  resu lt is fusión 
between tw o  o r m ore digits. The presence of 
extra fingers or toes is called polydactyly (Fig. 
12.13C). The extra d ig its  frequen tly  lack proper 
muscle connections. A bnorm alities involv- 
ing polydactyly are usually b ilateral, whereas
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FIGURE 12.12 A. Child w ith unilateral amelia and m últiple defects of the le ft upper limb. B. Patient 
w ith a form of meromelia called phocomelia. The hands are attached to  the trunk by irregularly 
shaped bones.

FIGURE 12.13 Digital defects. A. Brachydactyly, short digits. B. Syndactyly, fused digits. C. Polydactyly, 
extra digits. D. Cleft foot. Any of these defects may involve either the hands or feet or both.(continuedj
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absence o f a d ig it (ectrodactyly), such as a 
thum b, usually occurs unilaterally.

Cleft hand and foo t consists o f an ab- 
norm al c le ft between the  second and fou rth  
m etacarpal bones and so ft tissues. The th ird  
m etacarpal and phalangeal bones are a lm ost 
a lways absent, and the  thum b and index fin - 
ger and the  fou rth  and f if th  fingers m ay be 
fused (Fig. 12.13D]. The tw o  parts o f the  hand 
are som ew hat opposed to  each other.

A num ber o f gene m uta tions have been 
identified th a t affect the lim bs and sometimes 
other structures (see Table 10.1, p. 149]. The 
role of the HOX genes in lim b developm ent is 
illustrated by tw o  abnormal phenotypes pro- 
duced by m uta tions in th is  fam ily o f genes: 
M utations in H0XA13 result in hand-foot-geni- 
tal syndrome, characterized by fusión o f the 
carpal bones and small short digits. A ffected 
females often have a partia lly (bicornuate) or 
a com ple tely (didelphic) divided uterus and 
abnormal positioning of the urethra l orífice. 
Affected males m ay have hypospadias. The 
genital defects are due to  the fac t tha t H0XA13 
plays an im portant role in developm ent of the 
cloaca in to the urogenital sinus and anal canal 
(see Chapter 16). M utations in H0XD13 result in 
a com bination o f syndactyly and polydactyly 
[synpolydactyly].

TBX5 m uta tions (chromosome 12q24.1) result 
in Holt-Oram syndrome, characterized by upper 
limb abnorm alities and heart defects consistent 
w ith  a role fo r th is gene in upper limb and heart 
development. V irtua lly all types of limb defects 
affecting the upper limb have been observed, 
including absent digits, polydactyly, syndactyly, 
absent radius, and hypoplasia of any o f the limb 
bones. Heart defects include atrial and ventricu- 
lar septal defects and conduction abnormalities.

Osteogenesis imperfecta is characterized 
by shortening, bowing, and hypom inera lization 
o f the  long bones o f the  lim bs th a t can result 
in fractu res and blue sclera (Fig. 12.14]. Several 
types o f osteogenesis im perfecta occur, rang- 
ing from  persons w ith  a m ild iy increased fre - 
quency o f fractu res to  a severe fo rm  th a t is 
lethal in the neonata l period. In m ost cases, 
dom inant m uta tions in the C0L1A1 or C0L1A2 
genes th a t are involved in production o f type I 
collagen cause the  abnorm alities.

Marfan syndrome is caused by m uta tions in 
the  FIBRILLIN [FBN1] gene located on chrom o­
som e 15q21.1. Affected individuáis are usually 
ta ll and siender w ith  long th in  lim bs and a long 
th in  face. O ther characteristics include sternal 
defects (pectus excavatum  or carinatum ), jo in t

FIGURE 12.14 Newborn with osteogenesis imper­
fecta. Note the shortness and bowing of the limbs.

hyperflexib ility , d ila ta tion  and /o r dissection of 
the  ascending aorta, and dislocation o f the  lens 
o f the eye.

Arthrogryposis (congenital joint contract- 
ures) (Fig. 12.15] usually involves m ore than one 
jo in t and m ay be caused by neurological defects 
(m otor horn cell deficiency, meningomyelocele], 
muscular abnormalities (myopathies, muscle 
agenesis], and jo in t and contiguous tissue

FIGURE12.15 Infantwith arthrogryposis [congenital 
jo int contractures].



Chapter 12 • Limbs _ i s r

j
FIGURE 12.16 Digit amputations resulting from amniotic bands.

problems (synostosis, abnormal development). 
Clubfoot may be caused by arthrogryposis but 
is more commonly considered to  be idiopathic 
in origin. The fact th a t 25%  of cases are familial 
and th a t prevalence varíes across ethnic popula- 
tions suggests th a t many cases occur from  ge- 
netic causes. In this regard, recent studies have 
linked clubfoot w ith  m utations and microdele- 
tions involving PITXl, a transcription factor im- 
portant fo r hind limb development. Other causes 
include abnormal cartílago and bone form atlon.

Congenital absence or deficiency of the ra- 
dius is usually a genetic abnorm ality observed 
w ith  m alform ations in other structures, such 
as craniosynostosis-radial aplasia syndrome 
[Baller-G eroid syndrome). These individuáis 
have synostosis in one or m ore cranial sutures, 
absence o f the radius, and o ther defects.

Amniotic bands m ay cause ring constric- 
tions and am putations o f the lim bs or digits 
[Fig. 12.16; see aiso Fig. 8.17, p. 119). The orig in of 
the  bands is no t clear, bu t they m ay represent 
adhesions between the  am nion and affected 
s tructures in the fetus. O ther investigators be- 
lieve tha t bands origínate from  tears in the  am ­
nion th a t detach and surround part o f the  fetus.

Transverse limb deficiencies are lim b de­
fects  in which próxim a! s tructu res are in tact, 
bu t s tructu res dista! to  a transverse plañe are 
partiaüy or com ple te ly absent (Fig. 12.17). The 
defects m ay be due to  d isrup tion  o f the  AER or 
its  s ignaling or to  vascular abnorm alities, such 
as throm boses or vasoconstriction.

Congenital hip dislocation consists of under- 
development o f the acetabulum and head o f the 
fémur. !t is rather common and occurs mostiy in 
female newborns. Although dislocation usually 
occurs a fter birth, the abnormality of the bones 
develops prenatally. Because many bables w ith 
congenital hip dislocation are breech deliveries, it 
has been thought th a t breech posture may inter- 
fere w ith development o f the hip joint. It is fre- 
quently associated w ith laxity of the jo in t capsule.

FIGURE 12.17 Transverse limb deficiency, which 
may be caused by disruptions to  the AER or to 
vascular abnormalities.
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S U M M A R Y
Limbs form at the end of the fourth week as buds 
along die body wall adjacent to spedfic spinal 
segments determined by HO X  genes (upper 
limb, C 5-T 2; lower limb, L2-S2). The AER at the 
distal border o f the limb regulates proximodistal 
limb outgrowth by secreting FGFs that maintain 
a región of rapidly dividing cells immediately 
adjacent to the ridge called the undiíferentiated 
zone. As the limb grows, cells near the flank are 
exposed to retinoic acid that causes them to dif- 
ferentiate into the stylopod (humerus/femur). 
Next to differentiate is the zeugopod (radius/ 
ulna and tibia/fibula), then the autopod (wrist 
and fingers, ankle and toes). The ZPA located 
at the posterior border o f the limb secretes 
SHH and Controls anterior-posterior patterning 
(thumb to little finger).

Bones o f the limb form by endochondral 
ossifícation and are derived from the parietal 
layer of lateral píate mesoderm. Muscle cells mi- 
grate from somites in a segmental fashion and 
segregate into dorsal and ventral muscle groups.

Later fusión and splitting o f these groups into 
different muscles distorts the original segmen­
tal pattern. Muscles are innervated by ventral 
primary ramí that split into dorsal and ven­
tral branches. The dorsal and ventral branches 
eventually unite into dorsal and ventral nerves 
to innervate the dorsal (extensor) and ventral 
(flexor) compartments, respectively.

Digits form when apoptosis (programmed 
cell death) occurs in the AER to separate this 
structure into five separate ridges. Final sepa- 
ration o f the digits is achieved by additional 
apoptosis in the interdigital spaces. Many digital 
defects occur that are related to these patterns 
o f cell death, including polydactyly, syndactyly, 
and clefts (Fig 12.13).

Problems to Solve

1. I f  you observe congenital absence o f the ra­
dius or digital defects, such as absent thumb 
or polydactyly, would you consider examin- 
ing the infant for other malformations? Why?
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ESTABLISHMENT AND 
PATTERNINGOF THE 
PRIMARYHEART FIELD

The vascular system appears in the middle o f the 
third week, when the embryo is no longer able 
to satisfy its nutritional requirements by diííu- 
sion alone. Progenitor heart cells lie in the epi- 
blast, immediately adjacent to the cranial end of 
the primitive streak. From there, they migrate 
through the streak and into the splanchnic layer 
o f lateral píate mesoderm where some form 
a horseshoe-shaped cluster of cells called the 
primary heart field (PHF) cranial to the neural

folds (Fig. 13.1). These cells form the atria, left 
ventricle, and part o f the right ventricle. The 
remainder o f the right ventricle and outflow 
tract (conus cordis and truncus arteriosas) are 
derived from the secondary heart field (SHF), 
which also contributes cells to formation o f the 
atria at the caudal end o f the heart (Fig. 13.2). 
This secondary field o f cells resides in splanch­
nic mesoderm ventral to the pharynx (Fig. 13.2).

As progenitor heart cells migrate through 
the primitive streak on approximately day 16 of 
gestation, they are specified on both sides from 
lateral to medial to become the different parts 
o f the heart (Fig.l3.1A). Patterning o f these

Primary heart field

Cranial Primary Ineart field
neural q

Pericardial cavity
Connecting stalk

Ectoderm
Primitive node

Primitive streak 

A

FIGURE 13.1 A. Dorsal view of a late presomite embryo (approximately 18 days] after removal of the amnion. 
Progenitor heart cells have migrated and formed the horseshoe-shaped PHF located in the splanchnic layer 
of lateral píate mesoderm. As they migrated, PHF cells v^ere specified to form left and right sides of the heart 
and to form the atria [A], le ft ventricle [LV], and part of the right ventricle [RV], The remainder of the right 
ventricle and the outflow tract consisting of conus cordis and truncus arteriosus are formed by the SHF. 
B. Transverse section through a similar-staged embryo to shov/ the position of PHF cells in the splanchnic 
mesoderm layer. C. Cephalocaudal section through a similar-staged embryo showing the position of the 
pericardial cavity and PHF. C, conus arteriosus; T, truncus arteriosus.

Ea



-| 2 1 _  Part II • Systems-Based Embryology

FIGURE 13.2 Drawing showing the SHF that lies in 
spianchnic mesoderm at the posterior of the phar- 
ynx. The SHF provides cells that lengthen the arterial 
and venous poles of the heart, which includes part 
of the right ventricle and the outfiow tract [conus 
cordis and truncus arteriosus] and atria and sinus 
venosus, respectively. Disruption of the SHF causes 
shortening of the outfiow tract región, resulting in 
outfiow tract defects.

cells occurs about the same time that laterality 
(left-right sidedness) is being established for the 
entire embryo, and this process and the signal- 
ing pathway it is dependent upon (Fig. 13.3) are 
essential for normal heart development.

Cells in the SHF also exhibit laterality such 
that those on the right side contribute to the left 
o f the outflow tract región and those on the left 
contribute to the right. This laterality is deter- 
mined by the same signaling pathway that estab- 
lishes laterality for the entire embryo (Fig. 13.3) 
and explains the spiraling nature o f the pulmo- 
nary artery and aorta and ensures that the aorta 
exits from the left ventricle and the pulmonary 
artery from the right ventricle.

Once cells establish the PHF, they are in- 
duced by the underlying pharyngeal endoderm 
to form cardiac myoblasts and blood islands that 
will form blood cells and vessels by the process 
o f vasculogenesis (Chapter 6, p. 83). W ith time, 
the islands unite and form a horseshoe-shaped 
endothelial-lined tube surrounded by myo­
blasts. This región is known as the cardiogenic 
región; the intraembryonic (primitive body) 
cavity over it later develops into the pericardial 
cavity(Fig. 13.1B,C).

In addition to the cardiogenic región, other 
blood islands appear bilateraUy, paraUel, and 
cióse to the midline o f the embryonic shield. 
These islands form a pair o f longitudinal vessels, 
the dorsal aortae.

FIGURE 13.3 Dorsal view o f a drawing of a 16-day 
embryo showing the laterality pathway. The path­
way is expressed in lateral píate mesoderm on the 
left side and involves a number of signaling mol- 
ecules, including serotonin (5-HT), which result in 
expression o f the transcription factor PITX2, the 
master gene for le ft sidedness. This pathway speci- 
fies the le ft side o f the body and also programs 
heart cells in the primary and SHFs. The right side 
is specified as well, but genes responsible for this 
patterning have not been completely determined. 
Disruption of the pathway on the le ft results in la t­
erality abnormalities, including many heart defects 
(see Chapter 5, p. 63].
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Clinical Correlates

Laterality and Heart Defects
Establishing la te ra lity  during gastru la tion  (see 
Chapter 5, p. 58] is essential fo r  norm al heart 
deve lopm ent because it  specifies cells con- 
tr ibu ting  to  and patte rn ing the  righ t and le ft 
sides o f the  heart. The process requires a s ig- 
naling cascade th a t ¡ncludes serotonin (5-HT] 
as a key m olecule in in itia ting  the  pathw ay 
(Fig. 13.3). 5-HT is concentrated on the  le ft side 
o f the  em bryo and, by s ignaling th rough  the 
transcrip tion  fa c to r MAD3, restric ts  N odal ex- 
pression to  the  le ft where th is  gene in itia tes 
a s ignaling cascade cu lm inating  in expression 
o f PITX2, the  m aster gene fo r le ft sidedness 
(see Chapter 5, p. 62; Fig.13.3]. The rig h t side is 
aiso specified, bu t signáis responsible fo r th is  
event have no t been as well established.

Cardiac progen ito r cells are aiso specified 
at th is  tim e both fo r the  parts o f the  heart they 
w ill fo rm  and the ir le ft-r ig h t sidedness by the 
la te ra lity  pathway. Thus, th is  period (days 16 
to  18] is critica l fo r heart deve lopm ent and in ­
dividuá is w ith  la te ra lity  defects, such as het- 
ero taxy o ften have m any d iffe ren t types o f 
heart defects, including dextrocard ia  (righ t- 
sided heart], ven tricu la r septal defects (VSDs), 
atria l septal de fects (ASDsj, double ou tle t 
r ig h t ventric le  (DORV; both the  aorta  and pul- 
m onary a rte ry  ex it the  rig h t ventric le ], and 
ou tfio w  tra c t defects, such as transposition

o f the  g rea t vesseis, pulm onary stenosis, and 
others. La tera lity  defects o f the  heart, such as 
atria l and ven tricu la r isom erism s (both atria  or 
both ventric les have sim ila r characteristics in- 
stead o f the norm al le ft-r ig h t differences] and 
inversions (the characteristics o f the  a tria  or 
ventric les are reversed], aiso occur because 
o f d isrup tions in specifying le ft and rig h t s id­
edness in the  progen ito r heart cells. Even fo r 
ind iv iduáis w ith  iso lated heart defects, the 
cause can be due to  abnorm alities in estab­
lishing la tera lity. There is aiso a strong genetic 
com ponent to  the  defects as illustra ted  by the 
fa c t th a t he te ro taxy can be fam ilia l and ind i­
viduáis w ith in  such fam ilies o ften  have heart 
defects w he ther o r no t they exh ib it o ther 
la te ra lity  abnorm alities. Similarly, individuáis 
w ith  s itus inversus (com plete reversal o f le ft-  
r igh t asym m etry in all organs] have a s ligh tiy  
higher risk o f having a heart defect, bu t the 
risk fo r the ir o ffspring is g reatly  increased.

The im portance o f la te ra lity  in norm al heart 
deve lopm ent explains the  tera togen ic  effects  
o f antidepressants o f the  selective serotonin 
reuptake inh ib ito r (SSRIs) class th a t have been 
linked by epidem iology studies to  an increase 
in heart defects. The mechanism  fo r th is  e ffec t 
appears to  be a d isrup tion  o f 5-HT signal­
ing im po rtan t in the la te ra lity  pa thw ay (see 
Chapter 5, p. 69).

■ FORMATION AND POSITION OF 
THE HEART TUBE_______________

Initially, the central portion o f the cardiogenic 
area is anterior to the oropharyngeal mem- 
brane and the neural píate (Fig. 13.4A). With 
closure o f the neural tube and formation o f the 
brain vesicles, however, the central nervous sys- 
tem grows cranially so rapidly that it extends 
over the central cardiogenic región and the fu- 
ture pericardial cavity (Fig. 13.4). As a result of 
growth of the brain and cephalic folding o f the 
embryo, the oropharyngeal membrane is pulled 
forward, while the heart and pericardial cavity 
move first to the cervical región and finally to 
the thorax (Fig. 13.4).

As the embryo grows and bends cephalo- 
caudally, it also folds laterally (Fig. 13.5). As a 
result, the caudal regions o f the paired cardiac

tube merge except at their caudalmost ends 
(Fig. 13.6). Simultaneously, the central part of 
the horseshoe-shaped tube expands to form the 
future outflow tract and ventricular regions. 
Thus, the heart becomes a continuous expanded 
tube consisting o f an inner endothelial lining, 
and an outer myocardial layer (Fig. 13.5C). It 
receives venous drainage at its caudal pole and 
begins to pump blood out of the first aortic arch 
into the dorsal aorta at its cranial pole (Figs. 13.6 
and 13.7).

The developing heart tube bulges more and 
more into the pericardial cavity. Initially, how­
ever, the tube remains attached to the dorsal side 
o f the pericardial cavity by a fold o f mesodermal 
tissue, the dorsal mesocardium that is derived 
from the SHF (Figs. 13.5C; see also Fig. 13.16A, 
p. 186). No ventral mesocardium is ever formed. 
W ith further development, the middle section of
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Hindgut

Midgut

FIGURE 13.4 Figures showing effects of the rapid growth of the brain on positioning of the heart. Initially, 
the cardiogenic area and the pericardial cavity are in front of the oropharyngeal membrane. A. 18 days. 
B. 20 days. C. 21 days. D. 22 days.

Myocardium

FIGURE 13.5 Cross sections through embryos at different stages of development, showing formation of 
a single heart tube from paired primordia. A. Early presomite embryo (17 days). B. Late presomite embryo 
(18 days]. C. Eight-somite stage (22 days]. Fusión occurs oniy in the caudal región of the horseshoe-shaped 
tube. The outfiow tract and most of the ventricular región form by expansión and growth of the crescent 
portion of the horseshoe.
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Hindgut

FIGURE 13.6 Frontal view of an embryo showing 
the heart In the pericardial cavity and the develop- 
íng gut tube with the anterior and posterior intes­
tinal portáis. The original paired tubes of the heart 
primordial have fused into a single tube except at 
their caudal ends, which remain separate. These 
caudal ends of the heart tube are embedded in the 
septum transversum, whereas the outfiow tract 
leads to the aortic sac and aortic arches.

the dorsal mesocardium disappears, creating the 
transverse pericardial sinus, which connects 
both sides of the pericardial cavity. The heart is 
now suspended in the cavity by blood vessels at 
its cranial and caudal poles (Fig. 13.7D).

During these events, the myocardium thick- 
ens and secretes a layer o f extracellular matrix, 
rich in hyaluronic acid called cardiacjelly , which 
separates it from the endothelium (Figs. 13.5C; 
see also Fig. 13.18, p. 188). In addition, forma- 
tion o f the proepicardial organ occurs in mes- 
enchymal cells located at the caudal border of 
the dorsal mesocardium. Cells from this struc- 
ture proliferate and migrate over the surface of 
the myocardium to form the epicardial layer 
(epicardium) o f the heart. Thus, the heart tube 
consists o f three layers: (1) the endocardium, 
forming the internal endothelial lining o f the 
heart; (2) the myocardium, forming the mus­
cular wall; and (3) the epicardium or visceral 
pericardium, covering the outside o f the tube.

This outer layer is responsible for formation of 
the coronary arteries, including their endothe­
lial lining and smooth muscle.

■ FORMATION OF THE 
CARDIAC LOOP 

The heart tube continúes to elongate as cells are 
added from the SHF to its cranial end (Fig. 13.2). 
This lengthening process is essential for normal 
formation o f part o f the right ventricle and the 
outflow tract región (conus cordis and truncus 
arteriosus that form part o f the aorta and pul- 
monary artery) and for the looping process. If  
this lengthening is inhibited, then a variety of 
outflow tract defects occur, including DORV 
(both the aorta and pulmonary artery arise from 
the right ventricle), VSDs, tetralogy o f Fallot (see 
Fig. 13.34), pulmonary atresia (see Fig. 13.365), 
and pulmonary stenosis.

As the outflow tract lengthens, the cardiac 
tube begins to bend on day 23. The cephalic por- 
tion o f the tube bends ventrally, caudally, and 
to the right (Fig. 13.7); and the atrial (caudal) 
portion shifts dorsocranially and to the left 
(Figs. 13.7 and 13.8A). This bending, which may 
be due to cell shape changes, creates the cardiac 
loop. It is complete by day 28. While the car­
diac loop is forming, local expansions become 
visible throughout the length o f the tube. The 
atrial portion, initially a paired structure out­
side the pericardial cavity, forms a common 
atrium and is incorporated into the pericardial 
cavity (Fig. 13.7). The atrioventricularjunction 
remains narrow and forms the atrioventricular 
canal, which connects the common atrium and 
the early embryonic ventricle (Fig. 13.9). The 
bulbus cordis is narrow except for its proximal 
third. This portion will form the trabeculated 
part of the right ventricle (Figs. 13.7 and 13.9). 
The midportion, the conus cordis, will form the 
outflow tracts o f both ventricles. The distal part 
of the bulbus, the truncus arteriosus, will form 
the roots and proximal portion o f the aorta and 
pulmonary artery (Fig. 13.9). The junction be- 
tween the ventricle and the bulbus cordis, exter- 
nally indicated by the bulboventricular sulcus 
(Fig. 13.7C), remains narrow. It is called the 
primary interventricular foramen (Fig. 13.9). 
Thus, the cardiac tube is organized by regions 
along its craniocaudal axis from the conotrun- 
cus to the right ventricle to the left ventricle to
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Pericardium 

Pericardial cavity ' '

Bulboventricular,
sulcus.

Left atrium

Septum transversum

Closing cranial neural fold

Primitive pericardial cavity

Anterior intestinal portal

FIGURE 13.7 Formatlon of the cardiac loop. A. 22 days. B. 23 days. C. 24 days. D. Frontal view of the heart 
tube undergoing looping In the pericardial cavity. The primitive ventricle is moving ventrally and to the right, 
whereas the atrial región is moving dorsally and to  the le ft (orrows).

Aortic roots 

Pericardial cavity

Primitive 
left atrium

Left ventricle Interventricular sulcus

FIGURE 13.8 Heart of a 5-mm embryo [28 days). A. Viewed from the left. B. Frontal view. The bulbus cordis 
is divided into the truncus arteriosus, conus cordis, and trabeculated part of the right ventricle. Broken Une, 
pericardium.
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Interventricular septum

FIGURE 13.9 Frontal section through the heart of a 30-day embryo showing the primary interventricular 
foramen and entrance of the atrium inte the primitive left ventricle. Note the bulboventricular fiange. Arrows, 
direction of blood flow.

the atrial región, respectively (Fig. 13.7A-C). 
When looping is completed, the smooth-walled 
heart tube begins to form primitive trabeculae 
in two sharply defined areas just proximal and 
distal to the primary interventricular foramen 
(Fig. 13.9). The bulbus temporarily remains 
smooth-walled. The primitive ventricle, which 
is now trabeculated, is called the primitive left 
ventricle. Likewise, the trabeculated proximal

third o f the bulbus cordis is called the prim itive 
right ventricle (Fig. 13.9).

The conotruncal portion o f the heart tube, 
initially on the right side of the pericardial cav- 
ity, shifts gradually to a more medial position. 
This change in position is the result of formation 
o f two transverse dilations o f the atrium, bulg- 
ing on each side of the bulbus cordis (Figs. 13.8B 
and 13.9).

Clinical Correlates

Abnormalities of Cardiac Looping 

Dextrocardia is a condition w/here the heart lies 
on the right side o f the thorax instead o f the le ft 
and it occurs when the heart loops to the le ft 
instead o f the right. The defect may be induced 
during gastrulation, when laterality is established,

or slightiy later when cardiac looping occurs. 
Dextrocardia occurs w ith situs inversus, a com­
plete reversal o f asym metry in all organs, or may 
be associated w ith laterality sequences (hetero- 
taxy) in which oniy some organ positions are re- 
versed (see Chapter 5, p. 65).
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■ MOLECULAR REGULATION OF 
CARDIAC DEVELOPMENT_________

Signáis from anterior (cranial) endoderm induce 
a heart-forming región in overlying splanchnic 
mesoderm by inducing the transcription fac­
tor NKX2.5. The signáis require secretion of 
bone morphogenetic proteins (BMPs) 2 and 4 
secreted by the endoderm and lateral píate me- 
soderm. Concomitantly, the activity o f WNT  
proteins (3a and 8), secreted by the neural tube, 
must be blocked because they normally inhibit 
heart development. Inhibitors (CRESCENT and 
CERBERUS) o f the WNT proteins are produced 
by endoderm cells immediately adjacent to heart- 
forming mesoderm in the anterior half o f the 
embryo. The combination of BMP activity and 
WNT inhibition by CRESCENT and CERBERUS 
causes expression OÍNKX2.5, the master gene for 
heart development (Eigs. 13.1 and 13.10). BMP 
expression also upregulates expression o f fibro- 
blast growth factor 8 (FGF8) that is important for 
the expression of cardiac-specific proteins.

Once the cardiac tube is formed, the venous 
portion is specified by retinoic acid (RA) pro­
duced by mesoderm adjacent to the presumptive 
sinus venosus and atria. EoUowing this initial ex- 
posure to RA, these structures express the gene 
for retinaldehyde dehydrogenase, which allows 
them to make their own RA and commits them 
to becoming caudal cardiac structures. Lower 
concentrations o f RA in more anterior cardiac

regions (ventricles and outflow tract) contribute 
to specification o f these structures. The impor- 
tance o f RA in cardiac signaling explains why 
the compound can produce a variety o f cardiac 
defects.

NKX2.5  contains a homeodomain and is a 
homologue of the gene tinm an  that regulates 
heart development in Drosophila. TBX5 is an- 
other transcription factor that contains a DNA- 
binding m otif known as the T-hox. Expressed 
later than NKX2.5, it plays an important role in 
septation.

Cardiac looping is dependent upon several 
factors, including the laterality pathway and ex­
pression o f the transcription factor PITX 2  in lat­
eral píate mesoderm on the left side. PITX2 may 
play a role in the deposition and function o f ex- 
tracellular matrix molecules that assist in loop­
ing. In addition, NKX2.5 upregulates expression 
o f H A N D l and HAND2, transcription factors 
that are expressed in the primitive heart tube 
and that later become restricted to the ftiture left 
and right ventricles, respectively. Downstream 
effectors o f these genes particípate in the looping 
phenomenon. HANDl and HAND2, under the 
regulation o f NKX2.5, also contribute to expan­
sión and diíferentiation o f the ventricles.

Lengthening of the outflow tract by the SHF is 
regulated in part by SONIC HEDGEHOG (SHH). 
SHH, expressed by pharyngeal arch endoderm 
(see Chapter 17, p. 286), acts through its receptor 
patched (PTC; see Chapter 1, p. 8), expressed by

□  BMP 2,4 □  WNT inhibitors 
(crescent)

NKX-2.5

FIGURE 13.10 Heart induction. BMPs secreted by the endoderm and lateral píate mesoderm in combina­
tion with inhibition of WNT expression by CRESCENT in the anterior half of the embryo induce expression of 
NKX2.5 in the heart-forming región of the lateral píate mesoderm (splanchnic layer). NKX2.5 is then respon- 
sible for heart induction.
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SHF cells, to stimulate proliferation of cells in the 
SHF. Meanwhile, NOTCH  signaling through its 
ligand JA G l (see Chapter 1, p. 10) is responsible 
for upregulation of FGFs in the SHF that in turn 
regúlate migration and differentiation o f neural 
crest cells essential for outflow tract septation 
(see p. 195) and for development and pattern- 
ing o f the aortic arches (see p. 202). Mutations in 
SHH, Notch, and JA G l are responsible for some 
outflow tract, aortic arch, and cardiac defects.

■ DEVELOPMENT OF THE 
SINUS VENOSUS 

In the middle of the fourth week, the sinus ve- 
nosus receives venous blood from the right and 
left sinus horns (Fig. 13.1 lA). Each horn receives 
blood from three important veins: (1) the vitelline 
or the omphalomesenteric vein, (2) the umbilical 
vein, and (3) the common cardinal vein. At first, 
communication between the sinus and the atrium 
is wide. Soon, however, the entrance o f the sinus 
shifts to the right (Fig. 13.11B). This shift is caused 
primarily by left-to-right shunts o f blood, which

occur in the venous system during the fourth and 
ñfth weeks o f development.

With obliteration o f the right umbilical vein 
and the left vitelline vein during the fifth week, 
the left sinus horn rapidly loses its importance 
(Fig. 13.115). When the left common cardinal 
vein is obliterated at 10 weeks, all that remains 
o f the left sinus horn is the oblique vein of the 
left atrium  and the coronary sinus (Fig. 13.12).

As a result of left-to-right shunts o f blood, the 
right sinus horn and veins enlarge greatly. The 
right horn, which now forms the only commu­
nication between the original sinus venosus and 
the atrium, is incorporated into the right atrium 
to form the smooth-waUed part o f the right 
atrium (Fig. 13.13). Its entrance, the sinuatrial 
orifíce, is flanked on each side by a valvular fold, 
the right and left venous valves (Fig. 13.13A). 
Dorsocranially, the valves fuse, forming a ridge 
known as the septum spurium (Fig. 13.13A). 
Initially the valves are large, but when the right 
sinus horn is incorporated into the wall o f the 
atrium, the left venous valve and the septum 
spurium fuse with the developing atrial septum

Sinuatrial

A
Left umbilical Right vitelline

vein vein
24 days

Left ventricie

inferior 
vena cava

Right ventricle
35 days

FIGURE 13.11 Dorsal view of two stages in the development of the sinus venosus at approximately 24 days 
(A) and 35 days (Bl. Broken Une, the entrance of the sinus venosus into the atrial cavity. Each drawing is 
accompanied by a scheme to show in transverse section the great veins and their relation to the atrial 
cavity. ACV, anterior cardinal vein; PCV, posterior cardinal vein; UV, umbilical vein; VIT V, vitelline vein; 
CCV, common cardinal vein.
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Inferior vena cava 

Coronary sinus

FIGURE 13.12 Final stage in development of the sinus venosus and great veins.

(Fig. 13.135). The superior portion of the right 
venous valve disappears entirely. The inferior 
portion develops into two parts: (1) the valve 
of the inferior vena cava and (2) the valve of 
the coronary sinus (Fig. 13.13B). The crista 
terminalis forms the dividing line between the 
original trabeculated part o f the right atrium 
and the smooth-walled part (sinus venarum), 
which originates from the right sinus horn 
(Fig. 13.13B).

■ FORMATIONOFTHE  
CARDIAC SEPTA 

The major septa o f the heart are formed be­
tween the 27th and 37th days o f development, 
when the embryo grows in length from 5 mm 
to approximately 16 to 17 mm. One method by 
which a septum may be formed involves two

actively growing masses o f tissue that approach 
each other until they fuse, dividing the lumen 
into two separate canals (Fig. 13.14A,B). Such 
a septum may also be formed by active growth 
o f a single tissue mass that continúes to expand 
until it reaches the opposite side o f the lumen 
(Fig. 13.14C). Formation of such tissue masses, 
called endocardial cushions, depends on syn- 
thesis and deposition o f extracellular matrices 
and cell migration and proliferation. Thus, in 
regions where such cushions form, there is in- 
creased synthesis of extracellular matrix that 
produces endocardial cell covered protrusions 
into the lumen (Fig. 13.15A,B). These endocar­
dial cushion protrusions develop in the atrio- 
ventricular and conotruncal regions, and in 
these locations, they assist in formation of the 
atrial and ventricular (membranous portion) 
septa, the atrioventricular canals and valves

tnterseptovalvular space 

Septum spurium

Superior vena cava
Septum Septum 

secundum primum

Sinuatrial orifice

inferior endocardial 
cushion Vaive of coronary sinus

FIGURE 13.13 Ventral viev^ of coronal sections through the heart at the level of the atrioventricular 
canal to show development of the venous valves. A. 5 weeks. B. Fetal stage. The sinus venarum [blue] is 
smooth-walled; it derives from the right sinus horn. Arrows, blood flow.
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Formation of septum by growth of opposite ridges
Septum

FIGURE 13.14 A,B. Septum formation by two actively growing ridges (endocardial cushions] tlia t approach 
eacli other until t lie y  fuse. C. Septum formed by a single actively growing cell mass, such as the septum 
primum and septum secundum. D-F. Septum formation by merging two expanding portions o f the wall of 
the heart. Such a septum never completely separates two cavities.

(Fig. 13.16), and the aortic and pulmonary 
channels (see Fig. 13.20). Eventually, cushions 
are populated by cells migrating and proliferat- 
ing into the matrix: In atrioventricular cushions, 
cells are derived from overlying endocardial

cells that detach from their neighbors and move 
into the matrix (Fig. 13.15C); in conotruncal 
cushions, cells are derived from neural crest 
cells migrating from the cranial neural folds 
to the outflow tract región (see p. 195 and

FIGURE 13.15 Drawings showing development of endocardial cushions. A. Initially, the heart tube consists of 
the myocardium and endocardium separated by a layer of extracellular matrix (ECM], B. Endocardial cush­
ions form in the atrioventricular canal and in the outflow tract as expansions of the ECM. C. Cells migrate into 
the cushions and proliferate: In the atrioventricular canal, these cells are derived from the endocardium; in 
the outflow tract, they are derived from neural crest cells [see p. 194],
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Ostium primum
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FIGURE 13.16 Atrial septa at various stages of development. A. 30 days (6 mm], B. Same stage as (A), 
viewed from the right. C. 33 days [9 mm], D. Same stage as (Cj, viewed from the right. E. 37 days (14 mm). 
F. Newborn. G. The atrial septum from the right; same stage as (F).
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Fig. 13.30, p. 197). Because o f their key location, 
abnormalities in endocardial cushion formation 
may cause cardiac malformations, including 
ASDs and VSDs and defects involving the great 
vessels (i.e., transposition of the great vessels, 
common truncas arteriosus, and tetralogy of 
FaUot).

The other manner in which a septum is 
formed dees not involve endocardial cushions. 
If, for example, a narrow strip o f tissue in the 
wall o f the atrium or ventricle should fail to 
grow while areas on each side of it expand rap- 
idly, a narrow ridge forms between the two ex- 
panding portions (Fig. 13.14D,£). When growth 
of the expanding portions continúes on either 
side o f the narrow portion, the two walls ap- 
proach each other and eventually merge, form- 
ing a septum (Fig. 13.14F). Such a septum never 
completely divides the original lumen but leaves 
a narrow communicating canal between the two 
expanded sections. It is usually closed second- 
arily by tissue contributed by neighboring pro- 
liferating tissues. Such a septum partially divides 
the atria and ventricles.

S e p tu m  F o rm a tio n  in th e  
C o m m on A tr iu m

At the end of the fourth week, a sickle-shaped 
crest grows from the roof o f the common atrium 
into die lumen. This crest is the first portion of 
the septum primum (Figs. 13.13A and 13.16A,B)- 
The two limbs of this septum extend toward the 
endocardial cushions in the atrioventricular 
canal. The opening between the lower rim of the 
septum primum and the endocardial cushions is 
the ostium primum (Fig. 13.16A,B). With fiirther 
development, extensions of the superior and infe­
rior endocardial cushions grow along the edge of 
the septum primum, closing the ostium primum 
(Fig. 13.16C,D). Before closure is complete, how- 
ever, cell death produces perforations in the upper 
portion o f the septum primum. Coalescence of 
these perforations forms the ostium secundum, 
ensuring free blood flow from the right to the left 
primitive atrium (Fig. 13.16B,D).

When the lumen o f the right atrium expands 
as a result o f incorporation o f the sinus horn, 
a new crescent-shaped fold appears. This new 
fold, the septum secundum (Fig. 13.16C,D), 
never forms a complete partition in the atrial 
cavity (Fig. 13.16F,G). Its anterior limb extends 
downward to the septum in the atrioventricular

canal. When the left venous valve and the sep­
tum spurium fuse with the right side o f the 
septum secundum, the free concave edge o f the 
septum secundum begins to overlap the ostium 
secundum (Fig. 13.16E,F). The opening left by 
the septum secundum is called the oval fora­
men (foramen ovale). When the upper part of 
the septum primum gradually disappears, the 
remaining part becomes the valve of the oval 
foramen. The passage between the two atrial 
cavities consists of an obliquely elongated cleft 
(Fig. 13.16£-G ) through which blood from the 
right atrium flows to the left side (arrows in 
Figs. 13.135 an d l3 .16£).

After birth, when lung circulation begins and 
pressure in the left atrium increases, the valve of 
the oval foramen is pressed against the septum 
secundum, obliterating the oval foramen and 
separating the right and left atria. In about 20% of 
cases, fusión of the septum primum and septum 
secundum is incomplete, and a narrow obHque 
cleft remains between the two atria. This condi- 
tion is called probe patency of the oval foramen; 
it does not allow intracardiac shunting of blood.

Formation o f the Left Atrium  and 
Pulm onary Vein
While the primitive right atrium enlarges by in­
corporation o f the right sinus horn, the primitive 
left atrium is likewise expanding. Meanwhile, 
mesenchyme at the caudal end o f the dorsal 
mesocardium that suspends the heart tube in 
the pericardial cavity (Fig. 13.17A) begins to 
proliferate. Then, as the septum primum grows 
downward from the roof o f the common atrium, 
this proliferating mesenchyme forms the dorsal 
mesenchymal protrusion (DMP), and this tis­
sue grows with the septum primum toward the 
atrioventricular canal (Fig. 13.17B,C). Within 
the DMP is the developing pulmonary vein that 
is positioned in the left atrium by the growth and 
movement o f the DMP (Fig 13.17C). Eventually, 
the remaining portion of the DMP at the tip of 
the septum primum contributes to endocardial 
cushion formation in the atrioventricular canal 
(Fig. 13.17D). The main stem of the pulmonary 
vein that opens into the left atrium sends two 
branches to each lung. Then, as expansión o f the 
left atrium continúes, the main stem is incorpo- 
rated into the posterior wall until the point where 
branching of the vessel occurs, resulting in four 
separate openings for pulmonary veins into the 
atrial chamber (Fig. 13.17D and 13.18).
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Foregut Septum primum
Dorsal mesocardium

Atrioventricular canal

Dorsal mesocardium

Septum
primum
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FIGURE 13.17 A. Drawing showing the heart tube suspended into the pericardial cavity by the dorsal mesocar­
dium, a mesentery attached to mesoderm surrounding the gut tube, that is derived from the SHF (see Fig 13.5C). 
At this stage, the central portion of the mesocardium breaks down such that oniy the two ends of the heart 
tube remain attached. B,C. At the atrlal pole, a portion of the dorsal mesocardium prollferates to form the dorsal 
mesenchymal protrusion [DMP] that penetrates the atrlal wall to the left of the septum primum. The pulmonary 
veinforms within the mesenchyme of the DMP and becomes positioned in the posterior wall o fthe  le ftatriumas 
the DMP grows downward with the septum primum. D. Initially, oniy the main stem of the pulmonary vein enters 
the left atrium, but, as the atrlal walls expand, this stem is incorporated into the left atrium to the polnt where its 
four branches diverge to go to the lungs. Consequently, once the process of atrlal expansión is complete, there 
are four openings for pulmonary veins into the left atrium. The remaining portion of the DMP remains at the 
tip of the septum primum and contributes to endocardial cushion formation around the atrioventricular canal.

Interseptovalvular space 

Septum spurium
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primum Pulmonary 
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term inalis
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venarum ^  secundum primum

Left venous 
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FIGURE 13.18 Coronal sections through the heart to show development of the smooth-wailed portions of 
the right and le ft atria. Both the wall of the right sinus horn [blue] and the pulmonary vein [red] are incorpo­
rated Into the heart to form the smooth-wailed parts of the atria.
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Clinical Correlatas

Until recently , the  pu lm onary vein was 
th o u g h t to  orig ínate  as an o u tg ro w th  o f the 
le ft a trium , and th is  concept m ade it  d iff i-  
cu lt to  determ ine th e  e tio logy  o f a rare b irth  
de fec t w here the  pu lm onary veins drain 
in te  o the r vesseis o r d ire c tly  in to  the  righ t 
atrium , a cond ition  called to ta l anom a- 
lous pulm onary venous return (TAPVR). 
However, understand ing th a t th e  vein arises 
in th e  dorsal m esocard ium  as part o f the 
DMP provides a ra tiona le  fo r  how the  defect 
can occur s im p ly  by abnorm al position ing 
o f th e  DMP. For exam ple, dev ia tion  o f the 
DMP to  th e  rig h t places the  pu lm onary vein 
in the  rig h t a trium  instead o f th e  le ft (20%  
o f cases] o r if  dev ia tion  to  th e  rig h t is m ore 
pronounced, the  vein can en te r the  superio r 
vena cava o r the  brach iocepha lic vein (50%  
o f cases). Because the  dorsal m esocard ium  
is no rm a lly  a m id line  s truc tu re , it  is no t sur- 
p ris ing th a t TAPVR o ften  occurs in in d iv idu ­
áis w ith  hetero taxy.

Thus, each atrium develops by expansión 
(Fig. 13.14 D -F )  and by incorporation o f vas­
cular structures: the sinus venosus in the 
right atrium and the stem o f the pulmonary 
vein in the left (Fig. 13.18). In the fully de- 
veloped heart, the original embryonic right 
atrium becomes the trabeculated right atrial 
appendage containing the pectinate muscles, 
whereas the smooth-walled sinus venarum  
originates from the right horn o f the sinus ve­
nosus (Fig.l3.18A ). The original embryonic left 
atrium is represented by little more than the 
trabeculated atrial appendage, whereas the

smooth-walled part originates from the pulmo­
nary vein (Fig. 13.18B).

S e p tu m  F o rm a tio n  in th e  
A tr io v e n tr ic u la r  C anal

At the end o f the fourth week, four atrioven­
tricular endocardial cushions appear: one on 
each side plus one at the dorsal (superior) 
and one at the ventral (inferior) border of the 
atrioventricular canal (Figs. 13.19 and 13.20). 
Initially, the atrioventricular canal gives ac- 
cess only to the primitive left ventricle and is 
separated from the bulbus cordis by the bulbo 
(cono) ventricular flange (Fig. 13.9). Near the 
end o f the fifth week, however, the posterior ex- 
tremity o f the flange terminates almost midway 
along the base o f the dorsal endocardial cush- 
ion and is much less prominent than before 
(Fig. 13.20). Because the atrioventricular canal 
enlarges to the right, blood passing through the 
atrioventricular orifice now has direct access to 
the primitive left as well as the primitive right 
ventricle.

In addition to the dorsal and ventral endo­
cardial cushions, two lateral atrioventricular 
cushions appear on the right and left borders 
of the canal (Figs. 13.19 and 13.20). The dorsal 
and ventral cushions, in the meantime, project 
further into the lumen and fuse, resulting in a 
complete división o f the canal into right and left 
atrioventricular oriñces by the end o f the fifth 
week (Figs. 13.165,D and 13.19).

Atrioventricular Valves
After the atrioventricular endocardial cush­
ions fuse, each atrioventricular oriñce is sur- 
rounded by local proliferations o f mesenchymal 
tissue derived from the endocardial cushions 
(Fig. 13.21A). W hen the bloodstream hoUows 
out and thins tissue on the ventricular surface 
o f these proliferations, the mesenchymal tissue

O
Common 

atrioventricular 
canal

Lateral cushion

Superior endocardial 
cushion

Inferior 
endocardial cushion

Right atrioventricular 
canal

Left atrioventricular canal

FIGURE 13.19 Formation o f the septum in the atrioventricular canal. From le ftto  right, days23,26,31, and 35. 
The initial circular opening widens transversely.
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FIGURE 13.20 Frontal section through the heart of a day-35 embryo. At this stage of development, blood 
from the atrial cavity enters the primitive left ventricle as well as the primitive right ventrlcle. Note develop­
ment of the cushions in the atrioventricular canal. Cushions in the truncus and conus are aiso visible. Ring, 
prim itive interventricular foramen; orrows, blood flow.

becomes fibrous and forms the atrioventricu­
lar valves, which remain attached to the ven- 
tricular wall by muscular cords (Fig. 13.21fí,C). 
Finally, muscular tissue in the cords degenerates 
and is replaced by dense connective tissue. The 
valves then consist o f connective tissue covered 
by endocardium. They are connected to thick

muscular trabeculae in the wall o f the ventricle, 
the papillary muscles, by means of chordae ten- 
dineae (Fig. 13.21C). In this manner, two valve 
leaflets, constituting the bicuspid (or mitral) 
valve, form in the left atrioventricular canal, and 
three, constituting the tricuspid valve, form on 
the right side.

Dense
mesenchymal Lumen of ventricle Antrioventricular

valves

FIGURE 13.21 Formation of the atrioventricular valves and chordae tendineae. The valves are hollowed out 
from the ventricular side but remain attached to the ventricular wall by the chordae tendineae.
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Clinical Correlates

Heart Defects
Heart and vascular abnorm alities make up the 
la rgest category o f hum an birth  defects and 
are present in 1% of live born in fants. The in- 
cidence am ong s tillborns is 10 tim es as high. 
It is estim ated th a t 12% o f babies w ith  heart 
defects have a chrom osom al abnorm ality  and, 
converseiy, th a t 33%  o f babies w ith  a chro­
m osom al abnorm ality  have a heart defect. 
Furtherm ore, 30%  o f heart defects occur 
in in fan ts  w ith  o ther m ajor m alform ations. 
A pprox im ate ly  2%  o f heart defects are due to 
environm enta l agents, bu t m ost are caused by 
a com plex in terp lay betwíeen genetic and envi­
ronm enta l in fluences (multifactorial causes). 
Classic exam ples o f cardiovascular te ra togens 
include rubella virus and thalidomide. O thers 
include RA (Accutane], alcohol, and many 
o ther com pounds. M aternal diseases, such as 
insu lin -dependent diabetes, have aiso been 
linked to  cardiac defects.

Targets fo r genetic or te ra togen-induced 
heart defects include heart p rogen itor cells 
from  the PHF and SHF, neural crest cells, en- 
docardial cushions, and o ther cell types im por- 
ta n t fo r heart deve lopm ent (Table 13.1, p. 201). 
The fac t th a t the  same m alform ation can result 
from  d isrupting d iffe ren t ta rge ts  (e.g., transpo- 
s ition o f the great arte ries can result from  dis- 
ruption o f the  SHF or neural crest cells) means 
th a t heart defects are heterogeneous in origin 
and d ifficu lt to  classify epidem iologically.

Genes regulating cardiac developm ent are 
being identified and mapped, and m uta tions 
th a t result in heart defects are being discov- 
ered. For example, m uta tions in the heart-spec- 
ifying gene NKX2.5, on chromosom e 5q35, can 
produce ASDs [secundum type], te tra logy of 
Fallot, and a trioventricu lar conduction delays 
in an autosom al dom inant fashion. M utations in 
the TBX5 gene result in Holt-Oram syndrome, 
characterized by preaxial (radial) lim b abnor­
m alities and ASDs. Defects in the  muscular 
portion o f the in terventricu lar septum  m ay aiso 
occur. Holt-Oram syndrom e is one o f a group 
of heart-hand syndromes illustrating th a t the 
same genes may particípate in m últip le  devel- 
opm ental processes. For example, TBX5 regu- 
lates fore lim b developm ent and plays a role in 
septation o f the heart. Holt-Oram syndrom e is 
inherited as an autosom al dom inant tra it w/ith a 
frequency o f 1/100,000 live births.

M uta tions in a num ber o f genes regu la t­
ing production o f sarcom ere prote ins cause 
hypertrophic cardiomyopathy th a t m ay re­
su lt in sudden death in ath le tes and the  gen­
eral population. The disease is inherited as 
an autosom al dom inant, and m ost m uta tions 
(45%) ta rg e t the  p-m yosin  heavy-chain gene 
(14qll.2). The resu lt is cardiac hypertrophy 
due to  d isrup tion  in the  organization o f car­
diac muscle cells (myocardial disarray], which 
m ay adversely a ffec t cardiac ou tp u t and /o r 
conduction.

Ventricular inversión is a defect in which 
the  m orphologic le ft ventric le  is on the righ t 
and connects to  the  rig h t a trium  through  a 
m itra l valve. The m orphologic r igh t ventric le  
is on the  le ft side and connects to  the  le ft 
a trium  through  the  tricusp id  valve. The defect 
is som etim os called L-transposition of the  
great arteries because the  pulm onary arte ry  
exits the  m orphologic le ft ven tric le  and the 
aorta exits the  m orphologic r igh t ventricle . 
How/ever, the  arteries are in th e ir  norm al posi- 
tions, bu t the  ventric les are reversed. The ab­
norm a lity  arises during the  estab lishm ent of 
la te ra lity  and specificatlon o f the  le ft and righ t 
sides o f the hea rt by the  la te ra lity  pathway.

Hypoplastic right heart syndrome [HRHS] 
and hypoplastic le ft heart syndrome [HLHS; 
Fig. 13. 22) are rare defects th a t cause an un- 
derdeve lopm ent o f the righ t or le ft sides o f the 
heart, respectively. On the  right, the  ventric le  
is very small, the pulm onary a rte ry  is affected 
and m ay be a tre tic  or stenosed, and the  a trium  
m ay be sm all; on the  le ft, the  ventric le  is very 
sm all, the  aorta  m ay be a tre tic  or stenotic, and 
the  a trium  m ay be reduced in size. The la tera l­
ity  associated w ith  these defects suggests an 
adverse e ffec t on speclfication o f the  le ft and 
r igh t cardiac p rogen itor cells a t an early stage 
o f cardiac morphogenesis.

ASD is a congenita l heart abnorm a lity  w ith  
an incidence o f 6.4 /10,000 b irths and w ith  a 
2:1 prevalence in fem ale to  male in fants. One 
o f the  m ost s ign ifican t defects is the  ostium  
secundum defect, characterized by a large 
opening between the  le ft and righ t atria. It 
m ay be caused by excessive cell death and re- 
sorp tion  o f the  septum  prim um  (Fig. 13.23B,C) 
or by inadequate deve lopm ent of the  septum  
secundum  (Fig. 13.23D,£). Depending on the 

ícontinued ]
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Patent ductus 
arteriosus Coarctation of 

the aorta

Small

”  a f  I  A t r e t i c c r ^ m  " |  Hypoplas.ic
M  m  le ftv e n tr ic le

Hypoplastic 
right 

ventricle

FIGURE 13.22 A. Hypoplastic right heart syndrome. B. Hypoplastic le ft heart syndrome. These are 
rare defects that cause an underdevelopment o f the right or le ft sides of the heart, respectively. On 
the right, the ventricle is very small, the pulmonary artery is affected and may be atretic or stenosed 
and the atrium may be small; on the left, the ventricle is very small, the aorta may be atretic or ste- 
notic, and the atrium may be reduced in size. The laterality associated v/ith these defects suggests an 
adverse effect on specification of the le ft and right cardiac progenitor cells at an early stage o f cardiac 
morphogenesis.

Septum primum

Septum secundum 
Pulmonary 

veins

Septum secundum

Normal septum formation Excessive resorption of 
septum primum

Short septum primum

Atrial septal defect

Septum primum

Absence of septum primum 
and septum secundum

FIGURE 13.23 A. Normal atrial septum formation. B,C. Ostium secundum defect caused by excessive 
resorption of the septum primum. D,E. Similar defect caused by failure of development of the septum 
secundum. F. Common atrium, or cor triloculare biventriculare, resulting from complete failure of the 
septum primum and septum secundum to form.
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size o f the  opening, considerable in tracard iac 
shun ting  m ay occur from  le ft to  right.

The m ost serious abnorm ality  in th is  group 
is com ple te absence o f the  atria l septum  
(Fig. 13.23F]. This cond ition, known as com - 
mon a trium  o r cor triloculare biventriculare, 
is always associated w lth  serious defects else- 
w here in the  heart.

Occasionally, the  oval foram en doses dur- 
ing prenatal life. This abnorm ality, prem ature 
closure of the oval foramen, leads to  massive 
hype rtrophy o f the  righ t a trium  and ventric le  
and underdevelopm ent o f the  le ft side o f the 
heart. Death usua lly occurs shortiy  a fte r birth.

Endocardial cushions o f the a trioventricu- 
lar canal no t oniy divide th is  canal in to  a righ t 
and le ft orifice bu t aiso particípate in fo rm ation  
of the m embranous portion o f the  in terven- 
tricu la r septum  and in closure o f the ostium  
prim um  (Fig 13.16]. This región has the  appear- 
ance o f a cross, w ith  the atria l and ventricu lar 
septa form ing the post, and the  a trioventricu lar 
cushions the crossbar (Fig. 13.16f]. The in teg rity  
of th is  cross is an im portan t sign in ultrasound 
scans o f the heart. Whenever the a trioventric- 
ular cushions fail to  fuse, the result is a per­
sisten! atrioventricular canal, com bined w ith  
a defect in the  cardiac septum  (Fig. 13.244).

A tria l septal defect
A n te rio r leafle t m itra! valve

Persistent a tr ioven tricu la r canal

Persistent a tr ioven tricu la r 
canal

FIGURE 13.24 A. Persistent common atrioventricular canal. This abnormality is always accompanied 
by a septum defect in the atrial as well as in the ventricular portion of the cardiac partitions. B. Valves 
in the atrioventricular orífices under normal conditions. C. Spiit valves In a persistent atrioventricu­
lar canal. D,E. Ostium primum defect caused by incomplete fusión of the atrioventricular endocardial 
cushions. [continued]
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Superior 
vena cava

FIGURE 13.25 A. Normal heart. B. Tricuspid atresia. Note the small right venthcle and the large left 
ventricle.

This septal defect has an atria l and a ventricu- 
lar com ponent, separated by abnormal valve 
leaflets in the  single a trioventricu lar orífice 
[Fig. 13.246,C],

Occasionally, endocardíal cushíons in the 
a trioven tricu la r canal partia lly  fuse. The result 
is a defect in the  atria l septum , bu t the in te r- 
ven tricu la r septum  is closed (Fig. 13.24D,f). 
This defect, the  ostium primum defect, is usu- 
ally com bined w ith  a c le ft in the an te rio r leaf- 
le t o f the  tricusp id  va lve [Fig. 13.24C].

Tricuspid atresia, w hich ínvolves ob lit- 
e ration o f the righ t a trioven tricu la r orífice

(Fig. 13.25), is characterized by the absence or 
fusión o f the  tricusp id  valves. Tricuspid a tre ­
sia is a lways associated w ith  [1] patency o f the 
oval foram en, (2] VSD, (3) underdevelopm ent 
o f the  righ t ventric le , and (4) hype rtrophy of 
the  le ft ventricle .

Ebstein anomaly is a cond ition where the 
tricusp id  valve is displaced tow ard the  apex 
o f the r igh t ventricle , and as a result, there 
is an expanded rig h t a trium  and a sm all righ t 
ventric le  [Fig. 13.26). The valve leaflets are ab- 
norm ally positioned, and the  an te rio r one is 
usua lly enlarged.

FIGURE 13.26 Ebstein anomaly. The tri­
cuspid valve leaflets are displaced toward 
the apex of the right ventricle, and there 
is expansión of the right atrial reglón. Superior 

vena cava

Tricuspid
valve
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S e p tu m  F o rm a tio n  in th e  T runcus  
A rte r io s u s  a n d  C onus C ord is

During the fifth week, pairs o f opposing ridges 
appear in the truncus. These ridges, the truncus 
swellings, or cushions, He on the right superior 
wall (right superior truncus swelling) and on the 
left inferior wall (left inferior truncus swelling) 
(Fig. 13.20). The right superior truncus swelling 
grows distally and to the left, and the left inferior 
truncus swelling grows distally and to the right. 
Henee, while growing toward the aortic sac, the 
swellings twist around each other, foreshadowing 
the spiralcourse ofthe future septum (Fig. 13.27). 
After complete fusión, the ridges form the aorti- 
copulmonary septum, dividing the truncus into 
an aortic and a pulmonaiy channel.

When the truncus swellings appear, similar 
swellings (cushions) develop along the right

dorsal and left ventral walls o f the conus cor­
áis (Figs. 13.20 and 13.27). The conus swellings 
grow toward each other and distally to unite 
with the truncus septum. When the two conus 
swellings have fused, the septum divides the 
conus into an anterolateral portion (the outflow 
tract o f the right ventricle) (Fig. 13.28) and a 
posteromedial portion (the outflow tract o f the 
left ventricle) (Fig. 13.29).

Cardiac neural crest cells, originating in the 
edges o f the neural folds in the hindbrain región, 
migrate through pharyngeal arches 3, 4, and 6 to 
the outflow región of the heart, which they invade 
(Fig. 13.30). In this location, they contribute to 
endocardial cushion formation in both the conus 
cordis and truncus arteriosus. Migration and 
proliferation o f cardiac neural crest cells is regu- 
lated by the SHF through the NOTCH  signaling

Right conotruncal 
ridge

Right atrium

Conotruncal
septum

Muscular part of the 
interventricular septum

Membranous 
part o f the 

interventricular septum

FIGURE 13.27 Development of the conotruncal ridges [cushions] and closure of the interventricular foramen. 
Proliferations of the right and le ft conus cushions, combined with proliferation o f the anterior endocardial 
cushion, cióse the interventricular foramen and form the membranous portion of the interventricular sep­
tum. A. 6 weeks [12 mm], B. Beginning of the seventh week [14.5 mm], C. End of the seventh week [20 mm).
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Tricuspid orífice

Pulmonaty valves

Moderator band

To mitral orifice

Interventricular septum

FIGURE 13.28 Frontal section through the heart of a 7-week embryo. Note the conus septum and position 
of the pulmonary valves.

Right atrium

Conus septum

Septum primum 

Left atrium

Outfiow channel 
of left ventricle

Right ventricle 

Muscular interventricular septum

FIGURE 13.29 Frontal section through the heart of an embryo at the end of the seventh week. The conus 
septum Is complete, and blood from the le ft ventricle enters the aorta. Note the septum in the atrial región.
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Migrating neural

FIGURE 13.30 Drawing showing the origin of neu­
ral crest cells in the hindbrain and their migration 
through pharyngeal arches 3, 4, and 6 to the out- 
flow tract o f the heart. In this location, they con­
tribute to septation of the conus cordis and truncus 
arteriosus.

pathway (see p. 10). Therefore, outflow tract de- 
fects may occur by insults to the SHF or insults 
to cardiac neural crest cells that disrupt forma- 
tion of the conotruncal septum. Heart defects 
caused by these mechanisms include tetralogy of 
Fallot (Fig. 13.34), pulmonary stenoses, persis- 
tent (common) truncus arteriosus (Fig. 13.35), 
and transposition ofthe great vessels (Fig. 13.36). 
Because neural crest cells also contribute to cra- 
niofacial development, it is not uncommon to 
see facial and cardiac abnormalities in the same 
individual (see Chapter 17, p. 278).

S e p tu m  F o rm a tio n  ¡n th e  V e n tr ic le s

By the end of the fourth week, the two primitive 
ventricles begin to expand. This is accomplished by 
continuous growth o f the myocardium on the out- 
side and continuous diverticulation and trabecula 
formation on the inside (Figs. 13.20 and 13.29).

The medial waUs of the expanding ventricles 
become apposed and gradually merge, forming the 
muscular interventricular septum (Fig. 13.29). 
Sometimes, the two walls do not merge com- 
pletely, and a more or less deep apical cleft between 
the two ventricles appears. The space between the 
free rim of the muscular ventricular septum and 
the fiised endocardial cushions permits communi- 
cation between the two ventricles.

The interventricular foramen, above the 
muscular portion of the interventricular septum, 
shrinks on completion of the conus septum 
(Fig. 13.27). During íurther development, out- 
growth of tissue from the anterior (inferior) 
endocardial cushion along the top of the muscu­
lar interventricular septum closes the foramen 
(Fig. 13.16£,F). This tissue fuses with the abutting 
parts of the conus septum. Complete closure of the 
interventricular foramen forms the membranous 
part of the interventricular septum (Fig. 13.16F).

Semilunar Valves
W hen partitioning o f the truncus is almost com­
plete, primordia o f the semilunar valves become 
visible as small tubercles found on the main 
truncus swellings. One of each pair is assigned 
to the pulmonary and aortic channels, respec- 
tively (Fig. 13.31). A third tubercle appears in 
both channels opposite the fused truncus swell­
ings. Gradually, the tubercles hoUow out at their 
upper surface, forming the semilunar valves 
(Fig. 13.32). Recent evidence shows that neural 
crest cells contribute to formation o f these valves.

Minor truncus sweiling

FIGURE 13.31 Transverse sections through the truncus arteriosus at the level o f the semilunar valves at 
weeks 5 (A), 6 (B), and 7 (C) of development.
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FIGURE 13.32 Longitudinal sections through the semilunar valves at weeks 6 (A), 7 (B), and 9 (C) of 
development. The upper surface is hollowed [orrows] to  form the valves.

Clinical Correlates

Heart Defects
VSDs involving the  m em branous or m us­
cular portion o f the septum  (Fig. 13.33) are 
the  m ost com m on congenita l cardiac m al- 
fo rm ation , occurring as an iso lated cond ition 
in 12/10,000 births. M ost (80% ) occur in the 
m uscular región o f the  septum  and resolve 
as the  child grows. M embranous VSDs usually 
represent a m ore serious defect and are o ften 
associated w ith  abnorm alities in partition ing  
o f the  conotruncal región. Depending on the 
size o f the  opening, blood carried by the  pul- 
m onary a rte ry  m ay be 1.2 to  1.7 tim es as abun- 
dan t as th a t carried by the  aorta.

Tetralogy of Fallot, the  m ost freq uen tly  oc­
curring abnorm a lity  o f the  conotruncal región 
[Fig. 13.34), is due to  an unequal división o f the 
conus resulting from  an te rio r d isplacem ent 
o f the  conotruncal septum . Displacement o f 
the  septum  produces fo u r cardiovascular al- 
te ra tions: (1) a narrow  rig h t ven tricu la r ou tfiow

región, pulmonary infundibular stenosis;
[2] a large defect o f the  in te rven tricu la r sep­
tum ; [3) an overrid ing aorta th a t arises d irectly  
above the  septal defect; and (4) hypertrophy 
o f the righ t ven tricu la r wall because o f higher 
pressure on the righ t side. Tetra logy o f Fallot 
occurs in 9 .6 /10,000 b irths bu t occurs as a 
com m on featu re in individuáis w ith  Alagille 
syndrome. In add ition  to  the  heart defect, 
these people have abnorm alities in o the r or- 
gans, including the  liver, and a characteristic 
face w ith  a broad p rom inen t forehead, deep 
se t eyes, and a sm all po inted chin. In 90%  of 
cases, there is a m uta tion  in JAC1, the  ligand 
fo r NOTCH signaling th a t regulates neural 
crest cells fo rm ing the  conotruncal (ou tfiow  
tract) septum  (see Chapter 1, p. 10).

Persistent [common] truncus arteriosus 
results when the conotruncal ridges fa il to  form  
such th a t no división o f the ou tfiow  tra c t oc­
curs. (Fig. 13.35). In such a case, which occurs

Superior 
vena cava

Inferior 
vena cava I

Pulmonary 
f artery

FIGURE 13.33 A. Normal heart. B. Isolated defect in the membranous portion of the interventricular 
septum. Blood from the le ft ventricle flows to the right through the interventricular foramen [orrows].
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FIGURE 13.34 Tetralogy of Fallot. A. Surface view. B. The four components o f the defect: pulmonary 
stenosis, overriding aorta, interventricular septal defect, and hypertrophy of the right ventricle.

in 0 .8/10,000 births, the pulm onary artery 
arises some d is tan te  above the  origin o f the 
undivided truncus. Because the ridges aiso 
particípate in fo rm ation  o f the in terventricu lar 
septum, the persistent truncus is always ac- 
companied by a defective in terventricu lar sep­
tum . The undivided truncus thus overrides both 
ventricles and receives blood from  both sides.

Transposition of the great vesseis occurs 
w hen the conotruncal septum  fa ils to  fo llow  
its  norm al spiral course and runs s tra igh t 
down (Fig. 13.364]. As a consequence, the 
aorta orig ínates from  the  rig h t ventric le , and 
the  pulm onary a rte ry  orig inates from  the 
le ft ventric le . This cond ition, wh ich occurs in 
4 .8 /10,000 births, som etim es is associated

w ith  a defect in the  m em branous part o f the 
in te rven tricu la r septum . It is usua lly accom - 
panied by an open ductus arteriosus. Because 
the  SHF and neural crest cells con tribu te  to  the 
fo rm ation  and septation o f the ou tfio w  tract, 
respectively, insults to  these cells contribu te  
to  cardiac defects involving the o u tfiow  tract.

DiGeorge sequence is an example o f the 
22q11 deletion syndrome (see Chapter 17, p. 291] 
characterized by a pattern o f m alform ations 
tha t have the ir origin in abnormal neural crest 
development. These children have facial defects, 
thym ic hypoplasia, parathyroid dysfunction, 
and cardiac abnorm alities involving the outfiow  
tract, such as persistent truncus arteriosus and 
te tra logy of Fallot. Craniofacial m alform ations

Aorta

Pulmonary trunk

Persistent truncus 
arteriosus

Pulmonary
artery

FIGURE 13.35 Persistent truncus arteriosus. The pulmonary artery originates from a common truncus.
A. The septum in the truncus and conus has failed to form. B. This abnormality is always accompanied by 
an interventricular septal defect. [continued]
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FIGURE 13.36 A. Transposition of the great vessels. B. HRHS with pulmonary valvular atresla and a nor­
mal aortic root. The oniy access route to the lungs is by reverse blood flow through a PDA.

are o ften associated w ith  heart defects because 
neural crest cells play im portant roles in the de- 
velopm ent of both the face and heart.

Valvular stenosis of the  pulm onary arte ry  
or aorta occurs when the sem ilunar valves are 
fused fo r a variab le d is tan te . The inc iden te  
o f the  abnorm a lity  is s im ila r fo r both regions, 
being approx im ate ly  3 to  4 /10 ,000  births. In 
the  case o f a valvular stenosis o f the pulmo­
nary artery, the  trunk  o f the  pulm onary arte ry  
is narrow  o r even a tre tic  (Fig. 13.366). The pat- 
en t oval foram en then fo rm s the  oniy ou tle t 
fo r blood from  the  rig h t side o f the  heart. The 
ductus arteriosus, always patent, is the  oniy 
access route to  the  pulm onary c irculation.

In aortic valvular stenosis (Fig. 13.37A), 
fusión o f the thickened valves m ay be so com ­
plete th a t on iy  a pinhole opening remains. The 
size o f the  aorta  itse lf is usually normal.

When fusión o f the sem ilunar aortic  
valves is co m p le te -a o rtic  v a lvu la r a tre s ia  
(Fig. 13 .376]-the aorta, le ft ventric le , and le ft 
a trium  are m arkedly underdeveloped. The ab­
norm a lity  is usually accom panied by an open 
ductus arteriosus, which delivers blood in to 
the  aorta.

Ectopla cordis is a rare anom aly in which 
the  heart lies on the  surface o f the  chest. It is 
caused by fa ilu re  o f the em bryo to  cióse the 
ventra l body wa ll [see Chapter 7, p. 97).

FIGURE 13.37 A. Aortic valvular stenosis. B. HLHS with aortic valvular atresia. Arrow  in the arch of the 
aorta indicates direction of blood flow. The coronary arteries are supplied by this reverse blood flow. Note 
the small le ft ventricle and the large right ventricle.
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■  FORMATION OF THE CONDUCTING 
SYSTEM OF THE HEART___________

Initially, the pacemaker for the heart lies in the 
caudal part o f the left cardiac tube. Later, the sinus 
venosus assumes this function, and as the sinus 
is incorporated into the right atrium, pacemaker 
tissue hes near the opening of the superior vena 
cava. Thus, the sinuatrial node is formed.

The atrioventricular node and bundle 
(bundle of His) are derived from two sources:
(1) myocardial cells in the left wall o f the sinus 
venosus and (2) myocardial cells from the atrio­
ventricular canal. Once the sinus venosus is in­
corporated into the right atrium, these cells lie in 
their final position at the base o f the interatrial 
septum.

Clinical Correlates

As m entioned previously, heart defects are 
the  m ost com m on birth  defects, and th is  
fa c t is probab ly related to  the  com plex ity  of 
hea rt deve lopm ent th a t provides a num ber 
o f ta rge ts  fo r genetic m uta tions a nd /o r envi- 
ronm enta l insults to  d is rup t norm al em bryo- 
logical processes. Table 13.1 sum m arizes the

ta rg e t tissues and the b irth  defects th a t can be 
caused when d iffe ren t processes and stages 
o f heart deve lopm ent are adversely affected. 
One o f the key points o f the  tab le  is the  fact 
th a t heart deve lopm ent can be a ltered very 
early in gesta tion  and th a t insults a t d iffe ren t 
t im es can produce the  same b irth  defects.

Heart Development: Susceptible Stages for the Induction of Cardiac Birth Defects

Target Tissue Cell Process Normal Effect Birth Defects

PHF Establishm ent o f Formation o f th e fo u r DORV, TGA, l-TGA, ASD,
(days 16-18) la tera lity and chambered heart VSD, atrial isomerism.

patterning ventricu lar inversión.
dextrocardia

H earttube Genetic signaling Looping Dextrocardia
(days 22-28] cascade fo r normal

looping

AVC endocardial Cushion form ation: División of the AVC VSD, m itral and tricuspid
cushions cell proilferation in to le ft and right valve defects (mitral

(days 26-35] and m igration channeis; fo rm a­ insufficiency, tricuspid
tion of the m itral atresia]; positioning
and tricuspid and leafle t defects
valves and the IVS

SHF Spianchnic mesoderm Lengthening and Tetralogy of Fallot, TGA,
(days 22-28] ventral to  the phar- partition ing the pulmonary atresia and

ynx and signaling ou tfiow  tra c t into stenosis
from  neural crest aortic and pulmo-
cells nary channeis

O utfiow  trac t Neural crest cell m i­ Formation o f the Common truncus arterio-
(conotruncus] gration, prolifera- conotruncal cush­ sus and other outfiow

(days 36 -49 ] tion and viability ions fo r división of tra c t defects
the ou tfiow  tra c t

Aortic arches Neural crest cell m i­ Patterning the Anomalous righ t pulm o­
(days 22-42] gration, proliferation arches in to the nary artery; lAA type B

and viability great arteries
Days give an approx im ate  estim ation  o f periods o f vu lne rab ility  and are calculated from  the  tim e  o f fe rtiliza tion .
PHF, prim ary heart fie id; DORV, double o u tle t rig h t ventric le ; TGA, transposition  o f the  g rea t arteries; l-TGA , le ft trans- 
position o f the  g rea t arteries; ASD , a tria l septal defect; VSD, ven tricu la r septal defect; AVC, a trioven tricu la r canal; 
IVS, in te rven tricu la r septum ; SHF, secondary heart fieId; lAA , in te rrup ted  aortic  arch.



Part II • Systems-Based Embryology

■  VASCULAR DEVELOPMENT_______

Blood vessel development occurs by two mecha- 
nisms: (1) vasculogenesis in which vessels arise 
by coalescence o f angioblasts and (2) angio- 
genesis whereby vessels sprout from existing 
vessels. The major vessels, including the dorsal 
aorta and cardinal veins, are formed by vascu­
logenesis. The remainder o f the vascular system 
then forms by angiogenesis. The entire system is 
patterned by guidance cues involving vascular 
endothelial growth factor (VEGF) and other 
growth factors (see Chapter 6, p. 83).

A rte r ia l S y s te m  

A ortic Arches
When pharyngeal arches form during the 
fourth and fifth weeks o f development, each 
arch receives its own cranial nerve and its own 
artery (see Chapter 17). These arteries, the aor­
tic arches, arise from the aortic sac, the most 
distal part o f the truncus arteriosus (Figs. 13.9 
and 13.38). The aortic arches are embedded in 
mesenchyme of the pharyngeal arches and ter­
mínate in the right and left dorsal aortae. (In the 
región of the arches, the dorsal aortae remain 
paired, but caudal to this región, they fuse to 
form a single vessel.) The pharyngeal arches 
and their vessels appear in a cranial-to-caudal 
sequence, so that they are not all present simul- 
taneously. The aortic sac contributes a branch to 
each new arch as it forms, giving rise to a total of 
five pairs o f arteries. (The fifth arch either never 
forms or forms incompletely and then regresses.

Consequently, the five arches are numbered I, 
II, III, IV, and V I [Figs. 13.39 and 13.40A].) 
During further development, this arterial pat- 
tern becomes modified, and some vessels re- 
gress completely.

Neural crest cells in each pharyngeal arch 
contribute the coverings (smooth muscle and 
connective tissue) of the arch vessels and also 
regúlate patterning of these vessels. Signáis from 
endoderm and ectoderm lining the arches pro- 
vide interactive signáis to crest cells to regúlate 
the patterning process. For example, FGF8 sig- 
naling in arch ectoderm is important for 4th 
arch development. Because patterning also in- 
volves left-right decisions, P/TX2, the master 
gene for sidedness, expressed in the aortic sac, 
SHF, and arch mesoderm, regulates laterality 
during restructuring o f the original aortic arch 
pattern.

División o f the truncus arteriosus by the 
aorticopulmonary septum divides the outfiow 
channel o f the heart into the ventral aorta and 
the pulmonary trunk. The aortic sac then forms 
right and left horns, which subsequently give 
rise to the brachiocephalic artery and the prox- 
imal segment o f the aortic arch, respectively 
(Fig. 13.40B,C).

By day 27, most of the first aortic arch has 
disappeared (Fig. 13.39), although a small por- 
tion persists to form the maxülary artery. 
Similarly, the second aortic arch soon disap- 
pears. The remaining portions of this arch are 
the hyoid and stapedial arteries. The third arch 
is large; the fourth and sixth arches are in the

FIGURE 13.38 Main intraembty- 
onic and extraembryonic arteries 
[red] and veins [blue] in a 4-mm 
embryo [end of the fourth week]. 
Oniy the vessels on the left side 
of the embryo are shown.

Common cardinal vein

Dorsal aorta

Posterior cardinal
vein Chorionic

'  villus

Chorion



Chapter 13 • Cardiovascular System

Septum between 
aorta and 

pulmonary artery

Right 
dorsal aorta

4-mm stage

Primitive 
pulmonary artery

Left 7th 
intersegmental artery 

10-mm stage

FIGURE 13.39 A. Aortic arches at the end of the fourth week. The first arch is obliterated before the sixth 
is formed. B. Aortic arch system at the beginning of the sixth week. Note the aorticopulmonary septum and 
the large pulmonary arteries.

Internal 
carotid artery. 

Right 
vagus nerve-^i

Right 
subolavian artei

External 
carotid arteries

/r-Le ft 
í¡ vagus 
' nerve

Pulmonary artery

Pulmonary
artery

Left internal carotid artery

Left common carotid artery 

Left subclavian artery

Ligamentum arteriosum 

Descending aorta

FIGURE 13.40 A. Aortic arches and dorsal aortae before transformation into the definitive vascular pattern. 
B. Aortic arches and dorsal aortae after the transformation. Broken Unes, obliterated components. Note the 
PDA and position o f the seventh intersegmental artery on the left. C. The great arteries in the adult. Compare 
the distance between the place of origin of the le ft common carotid artery and the left subclavian in (B) and 
(C). After disappearance of the distal part of the sixth aortic arch [the fifth  arches never form completely], 
the right recurrent laryngeal nerve hooks around the right subclavian artery. On the left, the nerve remains 
in place and hooks around the ligamentum arteriosum.
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process o f formation. Even though the sixth 
arch is not completed, the primitive pulmo- 
nary artery is already present as a major branch 
(Fig. 13.39A).

In the 29-day embryo, the first and second aortic 
arches have disappeared (Fig. 13.39B). The third, 
fourth, and sixth arches are large. The conotruncal 
región has divided so that the sixth arches are now 
continuous with the pulmonary trunk.

With further development, the aortic arch 
system loses its original symmetrical form, as 
shown in Figure 13.40A and estabhshes the de- 
finitive pattern illustrated in Figure 13.40B,C. 
This representation may clarify the transforma- 
tion from the embryonic to the adult arterial 
system. The following changes occur:

The third aortic arch forms the common ca- 
rotid artery and the first part o f the internal 
carotid artery. The remainder o f the internal 
carotid is formed by the cranial portion o f the 
dorsal aorta. The external carotid artery is a 
sprout o f the third aortic arch.

The fourth aortic arch persists on both sides, 
but its ultímate fate is different on the right 
and left sides. On the left, it forms part o f the 
arch o f the aorta, between the left common 
carotid and the left subclavian arteries. On 
the right, it forms the most proximal segment 
o f the right subclavian artery, the distal part 
o f which is formed by a portion o f the right 
dorsal aorta and the seventh intersegmental 
artery (Fig. 13.40B).

The fifth aortic arch either never forms or forms 
incompletely and then regresses.

The sixth aortic arch, also known as the pul­
monary arch, gives off' an important branch 
that grows toward the developing lung bud 
(Fig. 13.40B). On the right side, the proximal 
part becomes the proximal segment of the 
right pulmonary artery. The distal portion of 
this arch loses its connection with the dorsal 
aorta and disappears. On the left, the distal 
part persists during intrauterine life as the 
ductus arteriosas. Table 13.2 summarizes 
the changes and derivatives o f the aortic arch 
system.

A number of other changes occur along with 
alterations in the aortic arch system: (1) the dor­
sal aorta between the entrance o f the third and 
fourth arches, known as the carotid duct, is 
obliterated (Fig. 13.41); (2) the right dorsal aorta 
disappears between the origin o f the seventh 
intersegmental artery and the junction with the 
left dorsal aorta (Fig. 13.41); (3) cephalic fold- 
ing, growth o f the forebrain, and elongation of 
the neck push the heart into the thoracic cavity. 
Henee, the carotid and brachiocephalic arteries 
elongate considerably (Fig. 13.40C). As a further 
result o f this caudal shift, the left subclavian ar­
tery, distally ñxed in the arm bud, shifts its point 
o f origin from the aorta at the level o f the sev­
enth intersegmental artery (Fig. 13.40B) to an 
increasingly higher point until it comes cióse 
to the origin o f the left common carotid artery 
(Fig. 13.40C); and (4) as a result o f the caudal 
shift o f the heart and the disappearance o f vari- 
ous portions o f the aortic arches, the course 
o f the recurrent laryngeal nerves becomes

Derivatives of the Aortic Arches

Arch Arterial Derivative

1 Maxillary arteries
2 Hyoid and stapedial arteries

3 Common carotid and f irs t part o f the  in ternal carotid arteries”

4 Left side Arch of the aorta from  the  le ft com m on carotid to  the  le ft subclavian arteries^ 

Right side Right subclavian artery (proxim al portion)^

6 Left side Left pulm onary artery and ductus arteriosus 

Right side Right pulm onary artery 

“ Rem ainder o f the  internal carotid  arteries are derived from  the  dorsal aorta; the  externa l carotid  arteries sprou t from  the 
th ird  aortic  arch.

^The proxim al portion o f the  aortic  arch is derived from  the  le ft horn o f the  aortic  sac; the  r ig h t horn o f th is  sac fo rm s the 
brachiocephalic artery.

‘̂ The distal portion o f the  righ t subclavian a rte ry  as w/ell as th e  le ft subclavian a rte ry  fo rm  from  the  seventh in tersegm enta l 
arteries on the ir respective sides.
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External cartoid arteries FIGURE 13.41 Changes from the 
original aortic arch system.
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•Arch of aorta

Ductus arteriosus

Pulmonary artery

different on the right and left sides. Initially, 
these nerves, branches of the vagus, supply the 
sixth pharyngeal archas. When the heart de- 
scends, they hook around the sixth aortic arches 
and ascend again to the larynx, which accounts 
for their recurrent course. On the right, when 
the distal part o f the sixth aortic arch and the 
fifth aortic arch disappear, the recurrent laryn- 
geal nerve moves up and hooks around the right 
subclavian artery. On the left, the nerve does 
not move up because the distal part o f the sixth 
aortic arch persists as the ductus arteriosus, 
which later forms the ligamentum arteriosum  
(Fig. 13.40).

Vitelline and Umbilical Arteries 
The vitelline arteries, initially a number of 
paired vessels supplying the yolk sac (Fig. 13.38), 
gradually fuse and form the arteries in the dorsal 
mesentery o f the gut. In the adult, they are rep- 
resented by the celiac and superior mesenteric 
arteries. The inferior mesenteric arteries are 
derived from the umbilical arteries. These 
three vessels supply derivatives o f the foregut, 
midgut, and hindgut, respectively.

The umbilical arteries, initially paired ven­
tral branches o f the dorsal aorta, course to the 
placenta in cióse association with the allantois

(Fig. 13.38). During the fourth week, however, 
each artery acquires a secondary connection 
with the dorsal branch o f the aorta, the com- 
m on iliac artery, and loses its earliest origin. 
After birth, the proximal portions o f the um­
bilical arteries persist as the internal iliac and 
superior vesical arteries, and the distal parts 
are obliterated to form the medial umbilical 
ligaments.

Coronary Arteries
Coronary arteries are derived from the epicar- 
dium, which differentiated from the proepi- 
cardial organ located in the caudal portion 
o f the dorsal mesocardium, a derivative o f the 
SHF. Some epicardial cells undergo an epithe- 
lial-to-mesenchymal transition induced by the 
underlying myocardium. The newly formed 
mesenchymal ceUs then contribute to endo- 
thelial and smooth muscle cells o f the coronary 
arteries. Neural crest cells also may contribute 
smooth muscle cells along the proximal seg- 
ments of these arteries and may direct con­
nection o f the coronary arteries to the aorta. 
Connection occurs by ingrowth o f arterial 
endothelial cells from the arteries into the 
aorta causing the coronary arteries to “invade” 
the aorta.
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Clinical Correlatas

Arterial System Defects
Under norm al cond itions, the  ductus arterio- 
sus is func tiona lly  closed through  contraction 
o f its  m uscular wa ll shortiy  a fte r b irth  to  form  
the  ligamentuin arteriosum. Anatom ical d o -  
sure by means o f in tim a p ro life ra tion  takes 1 to
3 m onths. A patent ductus arteriosus (PDA), 
one o f the  m ost freq uen tly  occurring abnor- 
m alities o f the  great vesseis (8/10,000 births), 
especially in prem ature in fants, e ithe r may be 
an isolated abnorm ality  o r m ay accom pany 
other heart defects [Figs. 13.34A and 13.36], In 
particu lar, defects th a t cause large d ifferences 
between aortic  and pulm onary pressures may 
cause increased blood flo w  through  the  duc­
tus, preventing its norm al closure.

In coarctation of the aorta [Fig. 13.42A,6], 
wh ich occurs in 3 .2/10,000 births, the  aortic  
lumen below the  orig in o f the  le ft subclavian 
a rte ry  is s ign ifican tly  narrowed. Because the 
constric tion  m ay be above or below  the  en- 
trance o f the  ductus arteriosus, tw o  types 
[preductal and postductal] m ay be d is tin - 
guished. The cause of aortic  narrow ing is 
p rim arily  an abnorm a lity  in the  media o f the 
aorta, fo llow ed by in tim a pro life ra tions. In the 
p reducta l type, the  ductus arteriosus persists, 
whereas in the  postducta l type, wh ich is m ore 
com mon, th is  channel is usually oblite ra ted. In 
the  la tte r case, co lla tera l c ircu lation between

the  proxim al and d ista l parts o f the  aorta is 
established by w ay o f large in tercosta l and 
in terna l thorac ic  arteries. In th is  manner, the 
lower part o f the  body is supplied w ith  blood. 
Classic c lin ica l signs associated w ith  th is  con- 
d ition  include hypertension in the  rig h t arm 
concom itan t w ith  lowered blood pressure in 
the  legs.

Abnormal origin o f the right subclavian 
artery  (Fig. 13.43A,6) occurs when the  a rte ry  is 
fo rm ed by the  d ista l portion  o f the  rig h t dorsal 
aorta and the  seventh in tersegm enta l artery. 
The righ t fou rth  aortic  arch and the proxim al 
pa rt o f the  r igh t dorsal aorta  are obliterated. 
W ith shortening o f the  aorta between the  le ft 
com m on carotid  and le ft subclavian arteries, 
the  orig in o f the  abnorm al r ig h t subclavian a r­
te ry  fina lly  se tties ju s t below  th a t of the  le ft 
subclavian arte ry. Because its stem  is derived 
from  the  righ t dorsal aorta, it  m ust cross the 
m idline behind the  esophagus to  reach the 
rig h t arm. This location does no t usually cause 
problem s w ith  sw ailow ing or breath ing be- 
cause neither the  esophagus ñor the  trachea 
is severely compressed.

W ith a double aortic arch, the  rig h t do r­
sal aorta  persists between the  orig in o f the 
seventh in tersegm enta l a rte ry  and its junc- 
tion  w ith  the  le ft dorsal aorta (Fig. 13.44]. 
A vascular ring surrounds the trachea and

FIGURE 13.42 Coarctation of the aorta. A. Preductal type. B. Postductal type. The caudal part of the body 
is supplied by large hypertrophied intercostal and internal thoracic arteries.
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FIGURE 13.43 Abnormal origin o f the right subclavian artery. A. Obliteration of the right fourth aortic 
arch and the proximal portion of the right dorsal aorta v^ith persistence o f the distal portion o f the right 
dorsal aorta. B. The abnormal right subclavian artery crosses the midline behind the esophagus and may 
compress it.

esophagus and com m only compresses these 
s tructures, causing d ifficu lties  in breathing 
and swailow ing.

In a right aortic arch, the  le ft fou rth  arch 
and le ft dorsal aorta are obliterated and re- 
placed by the  corresponding vesseis on the 
righ t síde. Occasionally, when the ligam entum  
arteriosum  lies on the le ft side and passes be­
hind the  esophagus, it causes com pla ints w ith  
swailowing.

An in terrup ted  aortic arch (lAA) is a ve ry 
rare  de fec t (3 /1 ,000 ,00 0  live b irths ] caused 
by abnorm al regression pa tte rns  in th e  rig h t 
and le ft fo u rth  ao rtic  arches (Fig. ^3A5A ]. The 
re su lt is an in te rru p tio n  betw een the  ao rtic

arch and descending aorta , and the re  are 
th re e  types depending on w here th e  break 
occurs: type  A (3% to  40% ), be tw een the 
le ft subclav ian a rte ry  and descending aorta  
[Fig. 13.456]; type  B [50%  to  60% ], betw een 
th e  le ft com m on caro tid  and le ft subc la ­
vian  a rte ries  (F ig.l3 .45C]; and type  C [4% ], 
betw een th e  r ig h t and le ft com m on caro tid  
a rte ries  [Fig. 13.45D). The de fec t is accom pa- 
nied by a VSD and a PDA th a t a llow s b lood to  
reach th e  low er p a rt o f the  body. A lthough  
rare, th e  de fec t occurs in 50%  o f ch ild ren 
w ith  DiGeorge syndrom e, part o f th e  22q11 
de le tion  syndrom e com p lex  (see C hapter 17, 
p. 291].

Esophagus

Descending
aorta

FIGURE 13.44 Double aortic arch. A. Persistence of the distal portion of the right dorsal aorta. B. The 
double aortic arch forms a vascular ring around the trachea and esophagus. [continued]
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Area o f abnormal 
'y f  regression patterns

RCA. lAA ,LCA

VSD D
FIGURE 13.45 A. Abnormal regression patterns in the fourth aortic arch on the left result in three different 
types of interrupted aortic arch [lAA]. These interruptions represent the ultimate expression of coarctation 
of the aorta where the vessel is spiit in two instead of simply constricted. B. Type A interrupted aortic arch 
(30% to  40% of cases], C. Type B interrupted aortic arch (40% to 50% of cases], D. Type C interrupted 
aortic arch (4% of cases]. Note that a patent ductus arteriosus [PDA] is present to aiiow biood to reach the 
descending aorta to the iower parts of the body, A ventricuiar septai defect [VSD] is aiso present because 
the conotruncai septum responsible for septating the outfiow tract faiis to extend and fuse with the ventral 
endocardial cushion in the atrioventricular canal (see Fig, 13,27, p. 195], Type B lAA is often present in chil- 
dren with DiGeorge syndrome, part of the 22q11 deletion syndrome complex. RSA, right subclavian artery; 
RCA, right common carotid artery; LCA, le ft common carotid artery; LSA, left subclavian artery.

V e n o u s  S y s te m

In the f i f t l i  week, three pairs o f major veins can 
be distinguished: (1) the vitelline veins, or om- 
phalomesenteric veins, carrying blood from the 
yolk sac to the sinus venosus; (2) the umbilical 
veins, originating in the chorionic villi and cariy- 
ing oxygenated blood to the embryo; and (3) the 
cardinal veins, draining the body of the embryo 
proper (Fig. 13.46).

Vitelline Veins
Before entering the sinus venosus, the vitel­
line veins form a plexus around the duodenum

and pass through the septum transversum. The 
liver cords growing into the septum interrupt 
the course o f the veins, and an extensive vas­
cular network, the hepatic sinusoids, forms 
(Fig. 13.47).

W ith reduction o f the left sinus horn, blood 
from the left side o f the liver is rechanneled 
toward the right, resulting in an enlargement 
o f the right vitelline vein (right hepatocardiac 
channel). Ultimately, the right hepatocardiac 
channel forms the hepatocardiac portion of 
the inferior vena cava. The proximal part of 
the left vitelline vein disappears (Fig. 13.48A,5).
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Common cardinal vein
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FIGURE 13.46 Main components of the venous and arterial systems In a 4-mm embryo (end of the fourth week].

Left hepatocardiac

FIGURE 13.47 Development of the vitelline and umbilical veins during the ÍA) fourth and (B) fifth  weeks. 
Note the plexus around the duodenum, formation of the hepatic sinusoids, and in itiation of le ft-to -righ t 
shunts between the vitelline veins.

Hepatic portion of 
inferior vena cava 

Hepatic vein 1  Hepatic vein
(right v i t e l l i n e ) ( l e f t  vitelline)

- Ductus venosus -

Portal vein -

Left umbilical vein g  1

S uperio r- " U  
Vitelline veins mesenteric vein Spienic vein

FIGURE 13.48 Development of vitelline and umbilical veins in the (A) second and (B) third months. Note 
formation of the ductus venosus, portal vein, and hepatic portion of the inferior vena cava. The spienic and 
superior mesenteric veins enter the portal vein.
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The anastomotic network around the duode- 
num develops into a single vessel, the portal 
vein (Fig. 13.485). The superior mesenteric 
vein, which drains the primary intestinal loop, 
derives from the right vitelline vein. The distal 
portion o f the left vitelline vein also disappears 
{Fig. 13.48A,B).

Umbilical Veins
Initially, the umbilical veins pass on each side 
o f the liver, but some connect to the hepatic 
sinusoids (Fig. 13.47A,B). The proximal part 
o f both umbilical veins and the remainder of 
the right umbilical vein then disappear, so that 
the left vein is the only one to carry blood from 
the placenta to the liver (Fig. 13.48). W ith the 
increase o f the placental circulation, a direct 
communication forms between the left umbili­
cal vein and the right hepatocardiac channel, 
the ductus venosus (Fig. 13.48A,B)- This ves- 
sel bypasses the sinusoidal plexus o f the liver. 
After birth, the left umbilical vein and ductus 
venosus are obUterated and form the ligamen- 
tum  teres hepatis and ligamentum venosum, 
respectively.

Cardinal Veins
Initially, the cardinal veins form the main ve- 
nous drainage system o f the embryo. This sys- 
tem consists of the anterior cardinal veins, 
which drain the cephalic part o f the embryo, and 
the posterior cardinal veins, which drain the 
rest o f the embryo. The anterior and posterior 
veins join before entering the sinus horn and 
form the short common cardinal veins. During 
the fourth week, the cardinal veins form a sym- 
metrical system (Fig. 13.46).

During the fifth to the seventh weeks, a 
number o f additional veins are formed: (1) the 
subcardinal veins, which mainly drain the 
kidneys; (2) the sacrocardinal veins, which 
drain the lower extremities; and (3) the su- 
pracardinal veins, which drain the body wall 
by way o f the intercostal veins, taking over 
the functions o f the posterior cardinal veins 
(Fig. 13.49).

Formation o f the vena cava system is char- 
acterized by the appearance o f anastomoses 
between left and right in such a manner that 
the blood from the left is channeled to the 
right side.

Anastomosis 
anterior 

cardinal veins

Right internal Left brachiocephalic v 
jugu ia rve in

Supracardinai 
vein 

Azygos vein

IHepatic segment 
inferior vena cava

Left spermatic 
vein

Hepatic 
Left segment

renal vein 

/
Left Renal

gonadal vein segment

Sacrocardial 
segment 

Sacrocardinal
vein Left common 

lilac vein

FIGURE 13.49 Development of the inferior vena cava, azygos vein, and superior vena cava. A. Seventh 
week. The anastomosis lies between the subcardinals, supracardinals, sacrocardinals, and anterior cardinals. 
B. The venous system at birth showing the three components of the inferior vena cava.
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The anastomosis between the anterior car­

dinal veins develops into the left brachioce- 
phalic vein (Fig. 13.49A.B). Most o f the blood 
from the left side o f the head and the left upper 
extremity is then channeled to the right. The 
terminal portion o f the left posterior cardi­
nal vein entering into the left brachiocephalic 
vein is retained as a small vessel, the left su­
perior intercostal vein (Fig. 13.495). This ves- 
sel receives blood from the second and third 
intercostal spaces. The superior vena cava is 
formed by the right common cardinal vein 
and the proximal portion o f the right ante­
rior cardinal vein. The anterior cardinal veins 
provide the primary venous drainage o f the 
head during the fourth week o f development 
and ultimately form the internal jugular veins 
(Fig 13.49). External jugular veins are derived 
from a plexus o f venous vessels in the face and 
drain the face and side o f the head to the sub- 
clavian veins.

The anastomosis between the subcardi- 
nal veins forms the left renal vein. When this 
communication has been established, the left 
subcardinal vein disappears, and only its dis­
tal portion remains as the left gonadal vein.

Henee, the right subcardinal vein becomes 
the main drainage channel and develops into 
the renal segment of the inferior vena cava 
(Fig. 13.49B).

The anastomosis between the sacrocar- 
dinal veins forms the left common iliac vein 
(Fig. 13.495). The right sacrocardinal vein be- 
comes the sacrocardinal segment of the infe­
rior vena cava. When the renal segment of the 
inferior vena cava connects with the hepatic 
segment, which is derived from the right vltel- 
line vein, the inferior vena cava, consisting of 
hepatic, renal, and sacrocardinal segments, is 
complete.

W ith obliteration o f the major portion of 
the posterior cardinal veins, the supracardi- 
nal veins assume a greater role in draining 
the body wall. The 4th to l l th  right intercos­
tal veins empty into the right supracardinal 
vein, which together with a portion o f the 
posterior cardinal vein forms the azygos vein 
(Fig. 13.49). On the left, the 4th to 7th intercos­
tal veins enter into the left supracardinal vein, 
and the left supracardinal vein, then known as 
the hemiazygos vein, empties into the azygos 
vein (Fig. 13.49B).

Clinical Correlates

Venous System Defects
The com plica ted deve lopm ent o f the  vena 
cava m ay account fo r  the  fa c t th a t devia- 
tions  from  the  norm al pa tte rn  are com mon. 
AIso, the  fa c t th a t th e  orig ina l pa tte rn  o f ve ­
nous re tu rn  is established b ila te ra lly  and then 
sh ifts  to  the  rig h t probab ly accounts fo r the 
fa c t th a t vena cava abnorm alities are o ften  
observed in ind iv iduáis wíith la te ra lity  (sided- 
ness] defects.

A double inferior vena cava occurs when 
the  le ft sacrocardinal vein fa ils  to  lose its 
connection w/ith the  le ft subcardinal vein 
[Fig. 13.50A). The le ft com m on iliac vein m ay or 
m ay no t be present, bu t the  le ft gonadal vein 
remains as in norm al conditions.

Absence of the inferior vena cava arises 
w hen the  righ t subcardinal vein fa ils  to  make 
its  connection w ith  the  liver and shunts its 
blood d irectly  in to  the righ t supracardinal vein 
[Figs. 13.49 and 13.506). Henee, the  blood- 
s tream  from  the caudal pa rt o f the  body

reaches the  heart by w ay o f the azygos vein 
and superio r vena cava. The hepatic vein en- 
te rs  in to  the  rig h t a trium  a t the  site o f the  in ­
fe rio r vena cava. Usually, th is  abnorm ality  is 
associated w ith  o ther heart m alform ations.

Left superior vena cava is caused by per- 
s istence o f the  le ft an te rio r cardinal vein and 
ob literation o f the  com m on cardinal and prox i­
mal part o f the  anterio r cardinal veins on the 
righ t (Fig. 13.5M). In such a case, blood from  
the  righ t is channeled tow ard the  le ft by way of 
the  brachiocephalic vein. The le ft superior vena 
cava drains in to the  r igh t a trium  by w ay o f the 
le ft sinus horn, th a t is, the coronary sinus.

A double superior vena cava is charac- 
terized by the  persistence o f the  le ft an terio r 
cardinal vein and fa ilu re  o f the  le ft brachioce­
phalic vein to  fo rm  (Fig. 13.516). The persistent 
le ft an te rio r cardinal vein, the  le ft superior 
vena cava, drains in to  the rig h t a trium  by way 
o f the  coronary sinus. Icontinued]
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Hepatic segment inferior 
vena cava

Renal segment inferior 
vena cava

Superior vena cava 

Azygos vein

Hepatic segment

Persistent left 
sacrocardinal vein

Renal segment-

Sacrocardinal segment 

B

FIGURE 13.50 A. Double inferior vena cava at the lumbar level arising from the persistence of the left 
sacrocardinal vein. B. Absent inferior vena cava. The low/er half of the body is drained by the azygos vein, 
v^hich enters the superior vena cava. The hepatic vein enters the heart at the site of the inferior vena cava.

Right brachiocephalic vein

Pulmonary veins

Coronary sinus 

Inferior

FIGURE 13.51 A. Left superior vena cava draining into the right atrium by way of the coronary sinus 
(dorsal view). B. Double superior vena cava. The communicating [brachiocephalic) vein between the two 
anterior cardinals has failed to  develop (dorsal view).

■  CIRCULATION BEFORE AND
AFTER BIRTH____________________

F eta l C ircu la tio n

Before birth, blood from the placenta, about 
80% saturated with oxygen, returns to the fetus 
by way of the umbilical vein. On approach- 
ing the liver, most of this blood flows through 
the ductus venosus directly into the inferior 
vena cava, short-circuiting the liver. A smaller 
amount enters the liver sinusoids and mixes with 
blood from the portal circulation (Fig. 13.52).

A sphincter mechanism in the ductus venosus,
cióse to the entrance o f the umbilical vein, regú­
lales flow o f umbilical blood through the liver 
sinusoids. This sphincter closes when a uterine 
contraction renders the venous return too high, 
preventing a sudden overloading o f the heart.

After a short course in the inferior vena cava, 
where placental blood mixes with deoxygenated 
blood returning from the lower limbs, it enters 
the right atrium. Here, it is guided toward the 
oval foramen by the valve o f the inferior vena 
cava, and most o f the blood passes directly into
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Pulmonary

Ductus arteriosus 

Superior vena cava 

Pulmonaty vein

Inferior vena cava

Ductus venosus
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ductus venosus

Inferior vena cava"

Pulmonary artery

Descending aorta
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FIGURE 13.52 Fetal circulation before birth. Arrows, direction of blood flow. Note where oxygenated blood 
mixes with deoxygenated blood in the liver (/], the inferior vena cava (//], the right atrium (///], the left atrium 
[IV], and at the entrence of the ductus arteriosus into the descending aorta [V].

the left atrium. A small amount is prevented 
from doing so by the lower edge of the septum 
secundum, the crista dividens, and remains in 
the right atrium. Here, it mixes with desaturated 
blood returning from the head and arms by way 
of the superior vena cava.

From the left atrium, where it mixes with a small 
amount o f desaturated blood returning from the 
lungs, blood enters the left ventricle and ascend- 
ing aorta. Because the coronary and carotid arter­
ies are the first branches of the ascending aorta, 
the heart musculature and the brain are supplied 
with well-oxygenated blood. Desaturated blood 
from the superior vena cava flows by way of the 
right ventricle into the pulmonary trunk. During 
fetal life, resistance in the pulmonary vessels is 
high, such that most of this blood passes directly

through the ductus arteriosus into the descending 
aorta, where it mixes with blood from the próxi­
ma! aorta. After coursing through the descending 
aorta, blood flows toward the placenta by way of 
the two umbilical arteries. The oxygen saturation 
in the umbilical arteries is approximately 58%.

During its course from the placenta to the or- 
gans o f the fetus, blood in the umbilical vein grad- 
ually loses its high oxygen content as it mixes with 
desaturated blood. TheoreticaUy, mixing may 
occur in the following places (Fig. 13.52, 1 to V):

I. Liver, by mixture with a small amount of 
blood returning from the portal system

II. Inferior vena cava, which carries deoxygen­
ated blood returning from the lower extremi- 
ties, pelvis, and kidneys
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III. Right atrium, by mixture with blood from 
the head and upper limbs

IV. Left atrium, by mixture with blood returning 
from the lungs

V. The entrance o f the ductus arteriosus into the 
descending aorta

C irc u la to ry  C h anges a t  B irth

Changes in the vascular system at birth are 
caused by cessation o f placental blood flow 
and the beginning o f respiration. Because the 
ductus arteriosus closes by muscular contrac- 
tion o f its wall, the amount o f blood flowing 
through the lung vessels increases rapidly. 
This, in turn, raises pressure in the left atrium. 
Simultaneously, pressure in the right atrium 
decreases as a result o f interruption o f placental

blood flow. The septum primum is then apposed 
to the septum secundum, and functionally, the 
oval foramen closes.

To summarize, the foliowing changes occur 
in the vascular system after birth (Fig. 13.53):

Closure o f  the um bilical arteries, accom- 
plished by contraction o f the smooth mus- 
culature in their walls, is probably caused by 
thermal and mechanical stimuli and a change 
in oxygen tensión. Functionally, the arteries 
cióse a few minutes after birth, although the 
actual obliteration o f the lumen by fibrous pro- 
liferation may take 2 to 3 months. Distal parts 
o f the umbilical arteries form the medial um ­
bilical ligam ents, and the proximal portions 
remain open as the superior vesical arteries 
(Fig. 13.53).

FIGURE 13.53 Human circulation after birth. Note the changes occurring as a result o f the beginning of 
respiration and interruption o f placental blood flow. Arrows, direction of blood flow.
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Closure o f the umbilical vein and ductus 
venosas occurs shortly after that o f the umbili­
cal arteries. Henee, blood from the placenta may 
enter the newborn for some time after birth. 
After obUteration, the umbilical vein ftjrms the 
ligamentum teres hepatis in the lower margin 
o f the falciform ligament. The ductus venosus, 
which courses from the ligamentum teres to the 
inferior vena cava, is also obliterated and forms 
the ligamentum venosum.

Closure of the ductus arteriosus by contrac- 
tion of its muscular wall occurs almost immedi- 
ately after birth; it is mediated by bradykinin, a 
substance released from the lungs during initial 
inflation. Complete anatomical obliteration by 
proliferation o f the intima is thought to take 1 
to 3 months. In the adult, the obliterated ductus 
arteriosus forms the ligamentum arteriosum.

Closure of the oval foramen is caused by an 
increased pressure in the left atrium, combined 
with a decrease in pressure on the right side. The 
ñrst breath presses the septum primum against 
the septum secundum. During the first days of 
life, however, this closure is reversible. Crying by 
the baby creates a shunt from right to left, which 
accounts for cyanotic periods in the newborn. 
Constant apposition gradually leads to fusión 
o f the two septa in about 1 year. In 20% of indi­
viduáis, however, perfect anatomical closure may 
never be obtained (probe patent foramen ovale).

Lym phatic System
The lymphatic system begins its development 
later than the cardiovascular system, not appear- 
ing until the fifth week o f gestation. Lymphatic 
vessels arise as sac-like outgrowths from the en- 
dothelium o f veins. Six primary lymph sacs are 
formed: two jugular, at the junction o f the sub- 
clavian and anterior cardinal veins; two iliac, at 
the junction o f the iliac and posterior cardinal 
veins; one retroperitoneal, near the root o f the 
mesentery; and one cisterna chyli, dorsal to the 
retroperitoneal sac. Numerous channels con- 
nect the sacs with each other and drain lymph 
from the limbs, body wall, head, and neck. Two 
main channels, the right and left thoracic ducts, 
join the jugular sacs with the cisterna chyh, and 
soon, an anastomosis forms between these ducts. 
The thoracic duct then develops from the distal 
portion o f the right thoracic duct, the anastomo­
sis, and the cranial portion of the left thoracic 
duct. The right lymphatic duct is derived from

the cranial portion o f the right thoracic duct. 
Both ducts maintain their original connections 
with the venous system and empty into the junc­
tion o f the internal jugular and subclavian veins. 
Numerous anastomoses produce many varia- 
tions in the final form of the thoracic duct.

Specification o f the lymphatic lineage is reg- 
ulated by the transcription factor PR O X l that 
upregulates lymphatic vessel genes and down- 
regulates blood vessel genes. A critical gene that 
is upregulated is VEGFR3 that is the receptor 
for the paracrine factor VEGFC. This protein 
causes PROXl expressing endothelial cells to 
sprout from existing veins to initiate growth of 
lymphatic vessels.

S U M M A R Y
On approximately day 16, heart progenitor cells
migrate through the primitive streak to a position 
cranial to the neural folds where they establish a 
horseshoe-shaped región in the splanchnic layer 
o f lateral píate mesoderm called the primary 
heart field (PHF) (Fig. 13.1). As they migrate, 
these cells are specified by the laterality pathway 
(Fig. 13.3) to contribute to right and left sides of 
the heart and to form specific heart regions, in- 
cluding part o f the atria, left ventricle, and part 
ofthe right ventricle (Fig. 13.lA). The remainder 
o f the heart, including part o f the atria, part of 
the right ventricle, conus cordis, and truncus ar­
teriosus (the outflow tract), is derived from cells 
in the secondary heart field (SHF) (Fig. 13.2). 
The SHF arises from cells that migrate through 
the primitive streak and then reside in splanch­
nic mesoderm near the floor of the posterior part 
o f the pharynx. These cells are also patterned by 
laterality signaling and regúlate neural crest cell 
contributions to septation o f the outflow tract, 
including the spiraling o f the conotruncal sep­
tum. (Figs. 13.2 and 13.30). Disruption o f the 
laterality pathway results in many diíferent types 
o f heart defects, whereas disruption o f the SHF 
results in defects of the outflow tract, including 
transposition o f the great arteries, pulmonary 
stenosis, double outlet right ventricle (DORV), 
and others (see Table 13.1, p. 201).

Induction o f the cardiogenic región is initi- 
ated by anterior endoderm underlying progeni­
tor heart cells and causes the cells to become 
myoblasts and vessels. BMPs secreted by this 
endoderm in combination with inhibition of 
W N T  expression induces expression o f  NKX2.5,
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the master gene for heart development. Soma 
calis in tha PHF bacoma endothalial calis and 
form a horseshoa-shapad tuba, whareas othars 
form myoblasts surrounding tha tuba. By tha 
22nd day o f devalopmant, lateral body wall folds 
bring the two sidas o f the horseshoe (Fig. 13.5) 
toward the midlina whare thay fusa (excapt 
for thair caudal [atrial] ands) to form a singla, 
slightly bant haart tuba (Fig. 13.7) consisting 
o f an inner endocardial tube and a surround­
ing myocardial mantla (Figs. 13.5C and 13.15). 
During tha fourth week, the haart undergoas 
cardiac looping. This procass causas tha heart 
to fold on itsalf and assuma its normal position 
in the left part o f the thorax with the atria posta- 
riorly and tha vantricles in a more anterior posi­
tion. Failure of the haart to loop properly results 
in dextrocardía and tha haart lias on the right 
side. Dextrocardía can also be induced at an aar- 
lier tima whan laterality is astablishad.

Septum formation in the haart in part arisas 
from devalopmant o f endocardial cushion tis- 
sue in tha atriovantricular canal (atrioventric- 
ular cushions) and in tha conotruncal región 
(conotruncal swellings). Bacause of tha kay 
location o f cushion tissue, many cardiac mal- 
formations are related to abnormal cushion 
morphoganasis.

Atrial devalopmant is depandant upon ex­
pansión o f the original atrial región and incor- 
poration o f additional structuras. On the right, 
tha sinus venosas is incorporated and forms 
tha smooth-walled portion of the right atrium 
(Figs. 13.11 and 13.13), which is separatad from 
tha trabaculatad portion by tha crista termina- 
lis (Fig. 13.13). On the left, the pulmonary vein, 
which forms in tha dorsal mesocardium, is po- 
sitioned into the posterior wall o f tha left atrium 
when cells in the dorsal mesenchymal protru- 
sion (DMP) proliferate and accompany the sep­
tum primum as this structure grows toward the 
floor oftha atrium (Fig. 13.17). Later, the root of 
the pulmonary vein is incorporated into the left 
atrium by atrial expansión until the vein’s four 
branches enter the atrium on its posterior wall. 
This portion constitutes the smooth-walled re­
gión of the left atrium (Fig. 13.18). Development 
of the pulmonary vein begins in the midline and 
then shifts to the left, a result of laterality sig- 
naling. Total anomalous pulmonary venous 
return (TAPVR) in which tha vein is shifted 
to the right and enters the right atrium or aven

the superior vena cava or brachiocephalic vein, 
arises in cases o f heterotaxy where left-right 
patterning is disrupted.

Septum Form ation in the Atrium. The sep­
tum primum, a sickle-shaped crest descending 
from the roof of the atrium, begins to divide the 
atrium in two but leaves a lumen, the ostium pri­
mum, for communication between the two sides 
(Fig. 13.16). Later, when the ostium primum is 
obliterated by fusión of the septum primum with 
the endocardial cushions, the ostium secundum  
is formed by cell death that creates an opening 
in the septum primum. Finally, a septum secun­
dum forms, but an interatrial opening, the oval 
foramen, persists. Only at birth, when pressure 
in the left atrium increases, do the two septa 
press against each other and cióse the com­
munication between the two. Abnormalities in 
the atrial septum may vary from total absence 
(Fig. 13.23) to a small opening known as probe 
patency o f the oval foramen.

Septum Form ation in the Atrioventricular 
Canal. Four endocardial cushions surround 
the atrioventricular canal. Fusión of the oppos- 
ing superior and inferior cushions divides the 
orifice into right and left atrioventricular canals 
(Fig. 13.165-D ). Cushion tissue then becomes 
ñbrous and forms the mitral (bicuspid) valve 
on the left and the tricuspid valve on the right 
(Fig. 13.16F). Persistence o f the common atrio­
ventricular canal (Fig. 13.24) and abnormal for­
mation of the valves are defects that occur due to 
abnormalities in this endocardial cushion tissue.

Septum Form ation in the Ventricles. The 
interventricular septum consists o f a thick 
muscular part and a thin membranous por­
tion (Figs. 13.16F and 13.29) formed by (1) the 
inferior endocardial atrioventricular cushion,
(2) the right conus swelling, and (3) the left 
conus swelling (Fig. 13.27). In many cases, these 
three components fail to fuse, resulting in an 
open interventricular foramen. Although this 
abnormality may be isolated, it is commonly 
combined with other compensatory defects 
(Figs. 13.33 and 13.34).

Septum Form ation in the Bulbus. The bul- 
bus is divided into the smooth-walled portion 
o f the right ventricle and the conus and trun- 
cus arteriosus. The truncus región is divided by 
the spiral aorticopulmonary septum into the 
proximal segments o f the aorta and pulmonary 
artery (Fig. 13.27). Conus cushions divide the
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outflow tract regions o f the aortic and pulmo- 
nary channels from the left and right ventricles, 
respectively and also, together with tissue from 
the inferior endocardial cushion, cióse the inter- 
ventricular foramen (Fig. 13.27). Many vascu­
lar abnormalities, such as transposítion of the 
great vessels and pulmonary valvular atresia, 
result from abnormal división of the conotrun- 
cal región; their origin may involve neural crest 
cells that contribute to septum formation in the 
conotruncal región (Fig. 13.30).

The aortic arches lie in each o f the five pha- 
ryngeal arches (Figs. 13.38 and 13.40). Four im- 
portant derivatives of the original aortic arch 
system are (1) the carotid arteries (third arches);
(2) the arch o f the aorta (left fourth aortic arch);
(3) the pulmonary artery (sixth aortic arch), 
which during fetal Ufe is connected to the aorta 
through the ductus arteriosus; and (4) the right 
subclavian artery formed by the right fourth aor­
tic arch, distal portion of the right dorsal aorta, 
and the seventh intersegmental artery (Fig. 
13.405). The most common vascular aortic arch 
abnormalities include (1) open ductus arteriosus 
and coarctation of the aorta (Fig. 13.42) and (2) 
persistent right aortic arch and abnormal right 
subclavian artery (Figs. 13.43 and 13.44), which 
may cause respiratory and swallowing com- 
plaints.

The vitelline arteries initially supply the yolk 
sac but later form the celiac and superior mesen- 
teric arteries. The inferior mesenteric arteries 
are derived from the umbilical arteries. These 
three arteries supply the foregut, midgut, and 
hindgut regions, respectively.

The paired umbilical arteries arise from the 
common iliac arteries. After birth, the distal 
portions o f these arteries are obliterated to form 
the medial umbilical ligaments, whereas the 
proximal portions persist as the internal iliac 
and vesicular arteries.

Venous System. Three systems can be recog- 
nized: (1) the vitelline system, which develops 
into the portal system; (2) the cardinal sys­
tem, which forms the caval system; and (3) the 
umbilical system, which disappears after birth. 
The complicated caval system is characterized 
by many abnormalities, such as double inferior 
and superior vena cava and left superior vena

cava (Fig. 13.51), which are also associated with 
laterality defects.

Changes at Birth. During prenatal life, the 
placental circulation provides the fetus with its 
oxygen, but after birth, the lungs take on gas ex- 
change. In the circulatory system, the following 
changes take place at birth and in the first post­
natal months: (1) The ductus arteriosus closes,
(2) the oval foramen closes, (3) the umbilical 
vein and ductus venosus cióse and remain as the 
ligamentum teres hepatis and ligamentum ve- 
nosum, and (4) the umbilical arteries form the 
medial umbilical ligaments.

Lymphatic System. The lymphatic system 
develops later than the cardiovascular system, 
originating from the endothelium o f veins as 
five sacs: two jugular, two iliac, one retroperito- 
neal, and one cisterna chyli. Numerous channels 
form to connect the sacs and provide drainage 
from other structures. Ultimately, the thoracic 
duct forms from anastomosis o f the right and 
left thoracic ducts, the distal part o f the right 
thoracic duct, and the cranial part o f the left tho­
racic duct. The right lymphatic duct develops 
from the cranial part o f the right thoracic duct.

------------------
1. A prenatal ultrasound of a 35-year-old 

woman in her 12th week o f gestation reveáis 
an abnormal image of the fetal heart. Instead 
o f a four-chambered view provided by the 
typical cross, a portion just below the cross- 
piece is missing. W hat structures constitute 
the cross, and what defect does this infant 
probably have?

2. A child is born with severe craniofacial de­
fects and transposition of the great vessels. 
What cell population may play a role in both 
abnormalities, and what type o f insult might 
have produced this effect?

3. What type o f tissue is critical for dividing 
the heart into four chambers and the outflow 
tract into pulmonary and aortic channels?

4. A patient complains about having difficulty 
swallowing. What vascular abnormality or 
abnormalities might produce this complaint? 
What is its embryological origin?



Respiratory System

■  FORMATION OF THE LUNG BUDS

When the embryo is approximately 4 weeks 
oíd, the respiratory diverticulum (lung bud) 
appears as an outgrowth from the ventral wall 
o f the foregut (Fig. 14.1A). The appearance and 
location of the lung bud are dependent upon 
an increase in retinóle acid (RA) produced by 
adjacent mesoderm. This increase in RA causes 
upregulation o f the transcription factor TBX4 
expressed in the endoderm o f the gut tube at 
the site o f the respiratory diverticulum. TBX4 
induces formation of the bud and the continued 
growth and differentiation o f the lungs. Henee, 
epithelium of the internal lining o f the larynx, 
trachea, and bronchi, as weU as that of the lungs,

is entirely o f endodermal origin. The cartilagi- 
nous, muscular, and connectlve tissue compo- 
nents o f the trachea and lungs are derived from 
splanchnlc mesoderm surrounding the foregut.

Initially, the lung bud is in open communication 
with the foregut (Fig. 14.1B). When the diverticu­
lum expands caudally, however, two longitudinal 
ridges, the tracheoesophageal rldges, separate it 
from the foregut (Fig. 14.2A). Subsequently, when 
these ridges fuse to form the tracheoesophageal 
septum, the foregut is divided into a dorsal por- 
tion, the esophagus, and a ventral portion, the 
trachea and lung buds (Fig. 14.2B,C). The respi­
ratory primordium maintains its communication 
with the pharynx through the laryngeal orífice 
(Fig. 14.2D).

Respiratory
diverticulum

Openings of 
pharyngeal pouches

Hindgut

B l_aryngotracheal
orifice

FIGURE 14.1 A. Embryo of approximately 25 days’ gestation showing the relation of the respiratory diver­
ticulum to the heart, stomach, and liver. B. Sagittal section through the cephalic end of a 5-week embryo 
showing the openings of the pharyngeal pouches and the laryngotracheal orifice.
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Tracheoesophageal
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FIGURE 14.2 A-C. Successive stages in development of the respiratory diverticulum showing the 
tracheoesophageal ridges and formation o f the septum, spiitting the foregut into esophagus and trachea 
with lung buds. D. The ventral portion of the pharynx seen from above showing the laryngeal orifice and 
surrounding sweiling.

Clinical Correlates -

Abnorm alities in pa rtition ing o f the  esopha­
gus and trachea by the  tracheoesophageal 
septum  resu lt in esophageal atresia w ith  or 
w íth o u t tracheoesophageal fístulas (TEFs). 
These defects occur in app rox im a te ly  1/3,000 
births, and 90%  resu lt in the  upper portion

o f the  esophagus ending in a blind pouch 
and the lower segm ent fo rm ing a fis tu la  w ith  
the  trachea (Fig. 14.3A). Isolated esophageal 
atresia [Fig. 14.36] and H -type TEF w ith ou t 
esophageal atresia (Fig. 14.3C] each account 
fo r 4%  o f these defects. O ther varia tions

'  Dista! part of 
esophagus

Communication 
of esophagus 
with trachea

FIGURE 14.3 Various types of esophageal atresia and/or TEFs. A. The most frequent abnormality [90% 
of cases) occurs with the upper esophagus ending in a blind pouch and the lower segment forming 
a fístula with the trachea. B. Isolated esophageal atresia (4% of cases]. C. H-type TEF [4% of cases). 
D,E. Other variations [each 1% of cases]. [continued]
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(Fig. 14.3D,f] each account fo r approx im ate ly  
1% o f these defects. These abnorm alities are 
associated w ith  o ther b irth  defects, including 
cardiac abnorm alities, wh ich occur in 33%  of 
these cases. In th is  regard, TEFs are a com - 
ponent o f the  VACTERL association (Vertebral 
anomalies. Anal atresia, Cardiac defects, 
Tracheoesophageal fis tu la , Esophageal a tre ­
sia, Renal anomalies, and Lim b defects], a 
collection o f defects o f unknown causation,

bu t occurring m ore frequen tly  than predicted 
by chance alone.

A com plication o f som e TEFs is polyhydram - 
nios because in som e types o f TEF, am nio tic 
flu id , when swailowed does no t pass to  the 
stom ach and intestines. AIso, gastric contents 
an d /o r am nio tic flu id  a t b irth  m ay en te r the 
trachea through  a fis tu la , causing pneum onitis 
and pneumonía.

LARYNX

The internal lining o f the larynx originates from 
endoderm, but the cartilages and muscles origí­
nate from mesenchyme of the fourth and sixth 
pharyngeal arches. As a result o f rapid proHf- 
eration o f this mesenchyme, the laryngeal orifice 
changes in appearance from a sagittal sHt to a 
T-shaped opening (Fig. 14.4A). Subsequently, 
when mesenchyme o f the two arches transforms 
into the thyroid, cricoid, and arytenoid carti­
lages, the characteristic adult shape o f the laryn­
geal orifice can be recognized (Fig. 14.4B).

At about the time that the cartilages are 
formed, the laryngeal epithelium also prolifer- 
ates rapidly, resulting in a temporary occlusion 
o f the lumen. Subsequently, vacuolization and 
recanalization produce a pair of lateral recesses, 
the laryngeal ventricles. These recesses are 
bounded by folds o f tissue that diíferentiate into 
the false and true vocal cords.

Because musculature o f the larynx is derived 
from mesenchyme o f the fourth and sixth 
pharyngeal arches, all laryngeal muscles are

innervated by branches o f the tenth cranial 
nerve, the vagus nerve: The superior laryngeal 
nerve innervates derivatives o f the fourth pha­
ryngeal arch, and the recurrent laryngeal nerve 
innervates derivatives of the sixth pharyngeal 
arch. (For further details on the laryngeal carti­
lages, see Chapter 17, p. 283.)

■  TRACHEA, BRONCHI, AND LUNGS

During its separation from the foregut, the lung 
bud forms the trachea and two lateral outpock- 
etings, the bronchial buds (Fig. 14.2B,C). At the 
beginning o f the fifth week, each o f these buds 
enlarges to form right and left main bronchi. 
The right then forms three secondary bronchi, 
and the left, two (Fig. 14.5A), thus foreshadow- 
ing the three lobes o f the lung on the right side 
and two on the left (Fig. 14.5fí,C).

With subsequent growth in caudal and lateral 
directions, the lung buds expand into the body 
cavity (Fig. 14.6). The spaces for the lungs, the 
pericardioperitoneal canals, are narrow. They 
lie on each side of the foregut and are gradually

FIGURE 14.4 Laryngeal orifice and surroundlng swelllngs a t successive stages of development. A. 6 weeks.
B. 12 weeks.
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Left upper 

lobe

Right lower lobe

FIGURE 14.5 Stages in development of the trachea and lungs. A. 5 weeks. B. 6 weeks. C. 8 weeks.

filled by the expanding lung buds. Ultimately, 
the pleuroperitoneal and pleuropericardial folds 
separate the pericardioperitoneal canals from the 
peritoneal and pericardial cavities, respectively, 
and the remaining spaces form the primitive 
pleural cavities (see Chapter 7). The mesoderm, 
which covers the outside o f the lung, develops 
into the visceral pleura. The somatic mesoderm 
layer, covering the body wall from the inside, 
becomes the parietal pleura (Fig. 14.6A). The 
space between the parietal and visceral pleura is 
the pleural cavity (Fig. 14.7).

During further development, secondary bron- 
chi divide repeatedly in a dichotomous fash- 
ion, forming 10 tertiary (segmental) bronchi 
in the right lung and 8 in the left, creating the

bronchopulmonary segments of the adult lung. 
By the end o f the sixth month, approxrmately 
17 generations of subdivisions have formed. 
Before the bronchial tree reaches its final shape, 
however, an additional six divisions form dur­
ing postnatal life. Branching is regulated by 
epithelial-mesenchymal interactions between 
the endoderm o f the lung buds and splanch- 
nic mesoderm that surrounds them. Signáis for 
branching, which emit from the mesoderm, in- 
volve members of the fibroblast growth factor 
family. While all o f these new subdivisions are 
occurring and the bronchial tree is developing, 
the lungs assume a more caudal position, so that 
by the time of birth, the bifiircation of the trachea 
is opposite the fourth thoracic vertebra.

Lung bud

Phrenic
nerve

Common
cardinal
vein

Heart

FIGURE 14.6 Expansión of the lung buds into the pericardioperitoneal canals. A t this stage, the canals are 
In communication with the peritoneal and pericardial cavities. A. Ventral view o f lung buds. B. Transverse 
section through the lung buds showing the pleuropericardial folds that will divide the thoracic portion of the 
body cavity into the pleural and pericardial cavities.
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FIGURE 14.7 Once the pehcardioperitoneal canals 
separate from the pericardial and peritoneal cavi- 
ties, respectively, the lungs expand in the pleural 
cavities. Note the visceral and parietal pleura and 
definltive pleural cavity. The visceral pleura extends 
between the lobes of the lungs.

■  MATURATIONOF THE LUNGS

Up to the seventh prenatal month, the bronchi- 
oles divide continuously into more and smaller 
canals (canalicular phase) and the vascular sup- 
ply increases steadily (Fig. 14.8A). Terminal 
bronchioles divide to form respiratory bron- 
chioles, and each o f these divides into three to 
six alveolar ducts (Fig. 14.8B). The ducts end in

terminal sacs (primitive alveoli) that are sur- 
rounded by flat alveolar cells in cióse contact 
with neighboring capillaries (Fig. 14.85). By the 
end o f the seventh month, suíRcient numbers 
o f mature alveolar sacs and capillaries are pres- 
ent to guarantee adequate gas exchange, and the 
premature infant is able to sundve (Fig. 14.9) 
(Table 14.1).

During the last 2 months of prenatal life and 
for several years thereafter, the number of termi­
nal sacs increases steadily. In addition, cells lin- 
ing the sacs, known as type I alveolar epithelial 
cells, become thinner, so that surrounding capil­
laries protrude into the alveolar sacs (Fig. 14.9). 
This intímate contact between epithelial and en- 
dothelial cells makes up the blood-air barrier. 
Mature alveoli are not present before birth. In 
addition to endothelial cells and flat alveolar 
epithelial cells, another cell type develops at 
the end o f the sixth month. These cells, type II 
alveolar epithelial cells, produce surfactant, a 
phospholipid-rich fluid capable o f lowering sur- 
face tensión at the air-alveolar interface.

Before birth, the lungs are full o f fluid that 
contains a high chloride concentration, little 
protein, some mucus from the bronchial glands, 
and surfactant from the alveolar epithelial cells 
(type II). The amount o f surfactant in the fluid 
increases, particularly during the last 2 weeks 
before birth.

As concentrations o f surfactant increase 
during the 34th week of gestation, some of this

Flat endothelium 
cell of blood 

capillaty

FIGURE 14.8 Histological and functional development of the lung. A. The canalicular period lasts from the 16th 
to the 26th week. Note the cuboidal cells lining the respiratory bronchioli. B. The terminal sac period begins at 
the end of the sixth and beginning of the seventh prenatal month. Cuboidal cells become very thin and inti- 
mately associated with the endothelium of blood and lymph capillaries or form terminal sacs [primitive alveoli).



Chapter 14 • Respiratory System _ E T

Blood
capillary

Lymph

M aturealveolus 

Respiratory bronchiole

FIGURE 14.9 Lung tissue in a newborn. Note 
the thin squamous epithelial cells [aiso known as 
alveolar epithelial cells, type I] and surrounding 
capillaries protruding into mature alveoli.

phospholipid enters the amniotic fluid and acts on 
macrophages in the amniotic cavity. Once “acti- 
vated,” evidence suggests that these macrophages 
migrate across the chorion into the uterus where 
they begin to produce immune system proteins, 
including ínterleukin-13 (IL -lp ). Upregulation 
of these proteins results in increased production 
of prostaglandins that cause uterine contractions. 
Thus, there may be signáis from the fetus that 
particípate in initiating labor and birth.

Fetal breathíng movements begin before 
birth and cause aspiration of amniotic fluid. 
These movements are important for stimulating 
lung development and conditioning respiratory 
muscles. When respiration begins at birth, most

o f the lung fluid is rapidly resorbed by the blood 
and lymph capillaries, and a small amount is prob- 
ably expelled via the trachea and bronchi during 
delivery. When the fluid is resorbed from alveo­
lar sacs, surfactant remains deposited as a thin 
phospholipid coat on alveolar cell membranes. 
With air entering alveoli during the first breath, 
the surfactant coat prevents development o f an 
air-water (blood) interface with high surface ten­
sión. Without the fatty surfactant layer, the alveoli 
would coUapse during expiration (atelectasis).

Respiratory movements after birth bring air 
into the lungs, which expand and flll the pleural 
cavity. Although the alveoli increase somewhat 
in size, growth o f the lungs after birth is due pri- 
marily to an increase in the number o f respira­
tory bronchioles and alveoli. It is estimated that 
only one-sixth o f the adult number of alveoli 
are present at birth. The remaining alveoli are 
formed during the first 10 years o f postnatal life 
through the continuous formation of new prim- 
itive alveoli.

S U M M A R Y
The respiratory system is an outgrowth of the 
ventral wall o f the foregut, and the epithelium 
o f the larynx, trachea, bronchi, and alveoli origi­
nales in the endoderm. The cartilaginous, mus­
cular, and connective tissue components arise in 
the mesoderm. In the fourth week o f develop­
ment, the tracheoesophageal septum separates 
the trachea from the foregut, dividing the fore­
gut into the lung bud anteriorly and the esoph- 
agus posteriorly. Contact between the two is 
maintained through the larynx, which is formed 
by tissue of the fourth and sixth pharyngeal 
arches. The lung bud develops into two main 
bronchi: The right forms three secondary bron­
chi and three lobes; the left forms two secondary 
bronchi and two lobes. Faulty partitioning of the

M aturation of the Lungs

Pseudoglandular 5-16 wk Branching has continued to  form  term inal bronchioles.
period No respiratory bronchioles or alveoli are present

Canalicular 1 6 -2 6 wk Each term inal bronchiole divides in to tw o  or more
period respiratory bronchioles, which in tu rn  divide into 

three to six alveolar ducts.

Term inal sao 26 wk to  birth Term inal sacs (prim itive alveoli) form , and capillaries
period establish cióse contact.

A lveolar period 8 mo to Mature alveoli have well-developed epithelial endothe-
childhood lial (capillary) contacts.
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Clinical Correlatas

Surfactant is pa rticu larly  im po rtan t fo r sur- 
viva l o f the  prem ature infant. When sur­
fa c ta n t is insuffic ient, the  a ir-w a te r (blood] 
surface m em brane tensión becomes high, 
bring ing grea t risk th a t alveoli w ill collapse 
during expira tion. As a result, respiratory  
distress syndrome (RDS) develops. This is a 
com m on cause o f death in the  prem ature in ­
fan t. In these cases, the  partia lly  collapsed 
alveoli conta in a flu id  w ith  a high prote in con- 
ten t, m any hyaline membranes, and lam ellar 
bodies, probab ly derived from  the  surfa c tan t 
layer. RDS, which was previously known as 
hyaline membrane disease, accounts fo r ap- 
prox im ate ly  20%  o f deaths am ong newborns. 
Treatm ent o f preterm  babies w ith  artific ia l 
su rfa c tan t as we ll as trea tm en t o f m others 
w ith  prem ature labor w ith  g lucocortico ids to  
s tim u la te  su rfac tan t p roduction have reduced 
the  m orta lity  associated w ith  RDS.

Although m any abnorm alities o f the  lung 
and bronchial tree  have been described (e.g..

rr
b lind-end ing trachea w ith  absence o f lungs 
and agenesis o f one lung), m ost o f these gross 
abnorm alities are rare. Abnorm al d ivisions of 
the  bronchial tree are m ore com m on; some 
resu lt in supernum erary lobules. These varia- 
tions o f the  bronchial tree  have litt ie  functiona l 
significance, bu t they m ay cause unexpected 
d ifficu lties  during bronchoscopies.

More in teresting  are ectopic lung lobes 
arising from  the trachea or esophagus. It is 
believed th a t these lobes are form ed from  
add itional resp ira tory  buds o f the  fo re gu t tha t 
develop independent o f the  main respiratory 
system.

M ost im portan t clin ica lly are congenital 
cysts of the lung, which are form ed by d ila tion 
o f te rm ina l o r larger bronchi. These cysts m ay 
be sm all and m últip le , g iving the  lung a honey- 
com b appearance on radiograph, or they  m ay 
be restricted to  one or m ore larger ones. Cystic 
structu res o f the  lung usua lly drain poorly and 
frequen tly  cause chronic in fections.

foregut by the tracheoesophageal septum causes 
esophageal atresias and tracheoesophageal fís­
tulas (TEFs) (Fig. 14.3).

After a pseudoglandular (5 to 16 weeks) 
and canalicular (16 to 26 weeks) phase, cells 
o f the cuboidal-lined respiratory bronchioles 
change into thin, flat cells, type I  alveolar epi- 
thelial cells, intimately associated with blood 
and lymph capillaries. In the seventh month, 
gas exchange between the blood and air in the 
primitive alveoli is possible. Before birth, the 
lungs are filled with fluid with littie protein, 
some mucus, and surfactant, which is pro- 
duced by type II alveolar epithelial cells and 
which forms a phosphoUpid coat on the alveo­
lar membranes. At the beginning o f respira- 
tion, the lung fluid is resorbed except for the 
surfactant coat, which prevenís the collapse 
o f the alveoli during expiration by reducing 
the surface tensión at the air-blood capillary

interface. Absent or insufficient surfactant in 
the premature baby causes respiratory distress 
syndrome (RDS) because o f collapse o f the 
primitive alveoli (hyaline membrane disease).

Growth of the lungs after birth is primarily 
due to an increase in the number o f respiratory 
bronchioles and alveoli and not to an increase 
in the size of the alveoli. New alveoli are formed 
during the flrst 10 years o f postnatal life.

Probletns to Solve
1. A prenatal ultrasound revealed polyhydram- 

nios, and at birth, the baby had excessive flu- 
ids in its mouth. W hat type o f birth defect 
might be present, and what is its embryo- 
logical origin? Would you examine the child 
carefully for other birth defects? Why?

2. A baby born at 6 months’ gestation is having 
trouble breathing. Why?
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■  DIVISIONSOFTHEGUTTUBE

As a result o f cephalocaudal and lateral fold- 
ing o f the embryo, a portion o f the endoderm 
derived from gastrulation is incorporated inte 
the embryo to form the primitive gut. The 
yolk sac and the allantoís, remain outside the 
embiyo (Fig. 15.1A-D).

In the cephalic and caudal parts of the em­
bryo, the primitive gut forms a blind-ending 
tube, the foregut and hindgut, respectively.

The middle part, the midgut, remains tempo- 
raUy connected to the yolk sac by means o f the 
vitelline duct, or yolk stalk (Fig. 15.ID).

Development o f the primitive gut and its 
derivatives is usually discussed in four sec- 
tions: (1) The pharyngeal gut, or pharynx, 
extends from the oropharyngeal membrane to 
the respiratory diverticulum and is part o f the 
foregut; this section is particularly important 
for development o f the head and neck and is

Hindgut

Endoderm
Amniotic cavity

Connecting

Lung bud

Midgut

Remnant 
of the 

oropharyngeal 
membrane

Vitelline duct

Yolk sac

FIGURE 15.1 Sagittal sections through embryos at various stages of development demonstrating the effect 
of cephalocaudal and lateral folding on the position of the endoderm-lined cavity. Note formation of the fore­
gut, midgut, and hindgut. A. Presomite embryo. B. Embryo with seven somites. C. Embryo with 14 somites. 
D. At the end of the first month.
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discussed in Chapter 17. (2) The remainder of 
the foregut lies caudal to the pharyngeal tube 
and extends as far caudally as the liver out- 
growth. (3) The midgut begins caudal to the 
liver bud and extends to the junction o f the 
right two-thirds and left third o f the transverse 
colon in the adult. (4) The hindgut extends 
from the left third o f the transverse colon to 
the cloacal membrane (Fig. 15.1). Endoderm  
forms the epithelial lining of the digestive tract 
and gives rise to the specific ceUs (the paren- 
chyma) o f glands, such as hepatocytes and the 
exocrine and endocrine cells o f the pancreas. 
The stroma (connective tissue) for the glands is 
derived from visceral mesoderm. Muscle, con­

nective tissue, and peritoneal components of 
the wall o f the gut also are derived from visceral 
mesoderm.

■  MOLECULAR REGULATION OF 
GUT TUBE DEVELOPMENT________

Regional specification o f the gut tube into differ- 
ent components occurs during the time that the 
lateral body folds are bringing the two sides of the 
tube together (Figs. 15.2 and 15.3). Specification 
is initiated by a concentration gradient o f retinoic 
acid (RA) from the pharynx, which is exposed to 
little or no RA, to the colon, that sees the high- 
est concentration o f RA. This RA gradient causes

Pharyngeal gut

Foregut Hindgut

intestine
<S! 0

Wa  cloaca

FIGURE 15.2 Diagrams showing molecular regulation of gut development. A. Color-coded diagram that in- 
dicates genes responsible for initiating regional specification of the gut into esophagus, stomach, duode- 
num, etc. B-D. Drawings showing an example from the m idgut and hindgut regions indicating how early 
gut specification is stabilized. Stabilization is effected by epithelial-mesenchymal interactions between gut 
endoderm and surrounding visceral (spianchnic) mesoderm. Endoderm cells initiate the stabilization process 
by secreting sonic hedgehog (SHHj, which establishes a nested expression of HOX genes in the mesoderm. 
This interaction results in a genetic cascade that regulates specification of each gut región as is shown for 
the small and large intestine regions in these diagrams.
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Amnionic cavity

Visceral \  between
mesoderm Y o lksac  9“ ! and y°ll< sac

Surface ectoderm

Intra- -
embryonic I Dorsal
body cavity Gut mesentery

■Xk c

FIGURE 15.3 Transverse sections through embryos at various stages of development. A. The intraembry- 
onic cavity, bordered by visceral and somatic layers of lateral píate mesoderm, is in open communication 
with the extraembryonic cavity. B. The intraembryonic cavity is losing its wide connection with the extraem- 
bryonic cavity. C. At the end of the fourth week, visceral mesoderm layers are fused in the midline and form 
a double-layered membrane (dorsal mesentery] between right and left halves of the body cavity. Ventral 
mesentery exists oniy in the región of the septum transversum [not shown).

transcription factors to be expressed in diíferent 
regions o f the gut tube. Thus, 5 0 X 2  “specifies” 
the esophagus and stomach; P D X l, the duode- 
num; CDXQ  the small intestine; and CDXA, 
the large intestine and rectum (Fig. 15.2A). This 
initial patterning is stabilized by reciprocal inter- 
actions between the endoderm and visceral me­
soderm adjacent to the gut tube (Fig. 15.2B-D). 
This epithelial-mesenchymal interaction is ini- 
tiated by SONIC HEDGEHOG {SHH) expres- 
sion throughout the gut tube. SHH  expression 
upregulates factors in the mesoderm that then 
determine the type of structure that forms from 
the gut tube, such as the stomach, duodenum, 
small intestine, etc. For example, in the región 
of the caudal limit o f the midgut and all o f the 
hindgut, SHH  expression establishes a nested 
expression of the HOX  genes in the mesoderm 
(Fig. 15.2D). Once the mesoderm is specified by 
this code, then it instructs the endoderm to form 
the various components o f the mid- and hind­
gut regions, including part of the small intestine, 
cecum, colon, and cloaca (Fig. 15.2).

■  MESENTERIES___________________

Portions o f the gut tube and its derivatives are 
suspended from the dorsal and ventral body wall 
by mesenteries, double layers o f peritoneum 
that endose an organ and connect it to the body 
wall. Such organs are called intraperitoneal, 
whereas organs that lie against the posterior 
body wall and are covered by peritoneum on

their anterior surface only (e.g., the kidneys) are 
considered retroperitoneal. Peritoneal liga- 
ments are double layers o f peritoneum (mesen­
teries) that pass from one organ to another or 
from an organ to the body wall. Mesenteries and 
ligaments provide pathways for vessels, nerves, 
and lymphatics to and from abdominal viscera 
(Figs. 15.3 and 15.4).

Initially, the foregut, midgut, and hindgut are 
in broad contact with the mesenchyme of the 
posterior abdominal wall (Fig. 15.3). By the fifth 
week, however, the connecting tissue bridge has 
narrowed, and the caudal part o f the foregut, the 
midgut, and a major part o f the hindgut are sus­
pended from the abdominal wall by the dorsal 
mesentery (Figs. 15.3Cand 15.4), which extends 
from the lower end of the esophagus to the cloa­
cal región o f the hindgut. In the región of the 
stomach, it forms the dorsal mesogastrium or 
greater omentum; in the región o f the duode­
num, it forms the dorsal mesoduodenum; and 
in the región o f the colon, it forms the dorsal 
mesocolon. Dorsal mesentery of the jejunal and 
ileal loops forms the mesentery proper.

Ventral mesentery, which exists only in the 
región of the terminal part o f the esophagus, the 
stomach, and the upper part o f the duodenum 
(Fig. 15.4), is derived from the septum trans­
versum. Growth of the liver into the mesen­
chyme o f the septum transversum divides the 
ventral mesentery into (1) the lesser omentum, 
extending from the lower portion o f the esopha­
gus, the stomach, and the upper portion o f the
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Bare area of liver 

Diaphragm

Falciform ligament-

Cloaca
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Dorsal mesoduodenum 

Superior mesenteric artery 
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Dorsal mesocolon
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FIGURE 15.4 Primitive dorsal and ventral mesenteries. The liver is connected to the ventral abdominal vi/all 
and to the stomach by the falciform ligament and lesser omentum, respectively. The superior mesenteric 
artery runs through the mesentery proper and continúes tow/ard the yolk sac as the vitelline artery.

duodenum to the liver and (2) the falciform lig­
ament, extending from the hver to the ventral 
body wall (Fig. 15.4).

■  FOREGUT________________________

E sophagu s

When the embryo is approximately 4 weeks 
oíd, the respiratory diverticulum (lung bud) 
appears at the ventral wall o f the foregut at the 
border with the pharyngeal gut (Fig. 15.5). The 
tracheoesophageal septum gradually partitions

this diverticulum from the dorsal part o f the 
foregut (Fig. 15.6). In this manner, the foregut 
divides into a ventral portion, the respiratory 
primordium (see Chapter 14), and a dorsal por­
tion, the esophagus.

At first, the esophagus is short (Fig. 15.5A), but 
with descent o f the heart and lungs, it lengthens 
rapidly (Fig. 15.55). The muscular coat, which is 
formed by surrounding splanchnic mesenchyme, 
is striated in its upper two-thirds and innervated by 
the vagus; the muscle coat is smooth in the lower 
third and is innervated by the splanchnic plexus.

Esophagus

Stomodeum
Liver 

Gallbladder 

Vitelline duct 
Allantois 

Proctodeum

Cloaca

FIGURE 15.5 Embryos during the fourth (A) and fifth  (B) weeks of development showing formation of the 
gastrointestinal tract and the various derivatives originating from the endodermal germ layer.
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T racheoesophageal 
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B L  '

Pharynx

Lung buds

Esophagus

FIGURE 15.6 Successive stages in development of the respiratory diverticulum and esophagus through parti- 
tioning of the foregut. A. At the end of the third week [lateral view], B,C. During the fourth week [ventral view).

Clinical Correlates

Esophageal Abnormalities  

Esophageal atresia and /or tracheoesophageal 
fístula results either from  spontaneous poste­
rior deviation of the tracheoesophageal septum
or from  some mechanical factor pushing the 
dorsal wall o f the fo regut anterioriy. In its most

common form , the proximal part o f the esoph­
agus ends as a blind sac, and the distal part is 
connected to the trachea by a narrow canal just 
above the bifurcation (Fig. 15.7A). Other types of 
defects in th is  región occur much less frequently 
(Fig. 15.7B-E] (see Chapter 14].

Communication 
of esophagus 
with trachea

FIGURE 15.7 Variations of esophageal atresia and/or tracheoesophageal fístula in order of their frequency
of appearance: (Al 90%, (B) 4%, (C) 4%, [D] 1%, and (E) 1%.

(continued)



Part II • Systems-Based Embryology

Atresia o f the  esophagus prevenís normal 
passage o f am nio tic  flu id  ¡nto the  in testina l 
trac t, resulting in accum ulation o f excess flu id 
in the  am nio tic  sac (polyhydramniosl. In ad- 
dition  to  atresias, the  lumen o f the  esophagus 
m ay narrow, producing esophageal stenosis, 
usua lly in the  lower th ird . Stenosis m ay be

caused by incom plete recanalization, vascular 
abnorm alities, o r accidents th a t com prom ise 
blood flow . Occasionally, the esophagus fails 
to  lengthen suffic ien tly , and the stom ach is 
pulled up in to  the  esophageal hiatus th rough 
the  diaphragm . The resu lt is a congenital 
hiatal hernia.

Stomach
The stomach appears as a ftisiform dilation of 
the foregut in the fourth week of development 
(Fig. 15.5A). During the following weeks, its 
appearance and position change greatly as a re­
sult o f the diíferent rates of growth in various 
regions of its wall and the changes in position 
o f surrounding organs. Positional changes o f the 
stomach are most easily explained by assuming 
that it rotates around a longitudinal and an an- 
teroposterior axis (Fig. 15.8).

The stomach rotates 90° clockwise around 
its longitudinal axis, causing its left side to face 
anteriorly and its right side to face posteriorly 
(Fig. 15.8A-C). Henee, the left vagus nerve, initiaUy 
innervating the left side of the stomach, now

innervates the anterior wall; similarly, the right 
nerve innervates the posterior wall. During this 
rotation, the original posterior waU o f the stomach 
grows faster than the anterior portion, forming the 
greater and lesser curvatures (Fig. 15.8C).

The cephalic and caudal ends o f the stomach 
originally lie in the midline, but during further 
growth, the stomach rotates around an antero- 
posterior axis, such that the caudal or pyloric 
part moves to the right and upward, and the ce­
phalic or cardiac portion moves to the left and 
slightly downward (Fig. 15.8D,£). The stomach 
thus assumes its final position, its axis running 
from above left to below right.

Because the stomach is attached to the dor­
sal body wall by the dorsal mesogastrium and

Q  Pylorus

FIGURE 15.8 A-C. Rotation of the stomach along its longitudinal axis as seen anteriorly. D,E. Rotation of the 
stomach around the anteroposterior axis. Note the change in position of the pylorus and cardia.
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Dorsal mesogastrium

Stomach

FIGURE 15.9 A. Transversa section through a 4-week embryo showing intercellular clefts appearing in the 
dorsal mesogastrium. B,C. The clefts have fused, and the omental bursa is formed as an extensión of the 
right side of the intraembryonic cavity behind the stomach.

to the ventral body wall by the ventral meso­
gastrium (Figs. 15.4 and 15.9A), its rotation 
and disproportionate growth alter the position 
of these mesenteries. Rotation about the longi­
tudinal axis pulís the dorsal mesogastrium to 
the left, creating a space behind the stomach 
called the omental bursa (lesser peritoneal sac) 
(Figs. 15.9 and 15.10). This rotation also pulís 
the ventral mesogastrium to the right. As this 
process continúes in the fifth week o f develop- 
ment, the spleen primordium appears as a me- 
sodermal proliferation between the two leaves of 
the dorsal mesogastrium (Figs. 15.10 and 15.11). 
With continued rotation o f the stomach, the 
dorsal mesogastrium lengthens, and the portion

between the spleen and dorsal midline swings 
to the left and fuses with the peritoneum of the 
posterior abdominal wall (Figs. 15.10 and 15.11). 
The posterior leaf o f the dorsal mesogastrium 
and the peritoneum along this line o f fusión 
degenerate. The spleen, which remains intra- 
peritoneal, is then connected to the body wall in 
the región o f the left kidney by the lienorenal 
ligament and to the stomach by the gastrolienal 
ligament (Figs. 15.10 and 15.11). Lengthening 
and fusión o f the dorsal mesogastrium to the 
posterior body wall also determine the final po­
sition o f the pancreas. Initially, the organ grows 
into the dorsal mesoduodenum, but eventuaUy, 
its tail extends into the dorsal mesogastrium

Dorsal 
mesogastrium

^  Dorsal
pancreas

Falciform
ligament —

_
Umbilical Faloifo™  ligament 

^  vein

FIGURE 15.10 A. The positions of the spleen, stomach, and pancreas at the end of the fifth  week. Note the 
position of the spleen and pancreas in the dorsal mesogastrium. B. Position of spleen and stomach at the 
l l th  week. Note formation o f the omental bursa (lesser peritoneal sac].
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Liver
Lesser omentum 

Falciform ligament
Spleen 

Gastrolienal ligament
Parietal 

peritoneum 
of body wall

FIGURE 15.11 Transversa sections through the región o f the stomach, liver, and spleen, showing formation 
of the omental bursa [lesser peritoneal sac], rotation of the stomach, and position of the spleen and tail of 
the pancreas between the two leaves o f the dorsal mesogastrium. With further development, the pancreas 
assumes a retroperitoneal position.

(Fig. 15.10A). Because this portion of the dorsal 
mesogastrium fuses with the dorsal body wall, 
the tail o f the pancreas lies against this región 
(Fig. 15.11). Once the posterior leaf of the dor­
sal mesogastrium and the peritoneum of the 
posterior body wall degenerate along the Une of 
fusión, the tail o f the pancreas is covered by peri­
toneum on its anterior surface only and there- 
fore lies in a retroperitoneal position. (Organs, 
such as the pancreas, that are originally covered 
by peritoneum, but later fuse with the posterior 
body wall to become retroperitoneal, are said to 
be secondarily retroperitoneal.)

As a result of rotation of the stomach about 
its anteroposterior axis, the dorsal mesogastrium 
bulges down (Fig. 15.12). It continúes to grow 
down and forms a double-layered sac extending 
over the transverse colon and small intestinal loops 
like an apron (Fig. 15.13A). This double-leafed 
apron is the greater omentum; later, its layers fuse 
to form a single sheet hanging from the greater 
curvature o f the stomach (Fig. 15.13B). The pos­
terior layer of the greater omentum also fuses with 
the mesentery of the transverse colon (Fig. 15.135).

The lesser omentum and falciform ligament 
form from the ventral mesogastrium, which

FIGURE 15.12 A. Derivatives of the dorsal mesentery at the end of the third month. The dorsal mesogastrium 
bulges out on the le ft side of the stomach, where it forms part of the border of the omental bursa. B. The 
greater omentum hangs down from the greater curvature of the stomach in front of the transverse colon.
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FIGURE 15.13 A. Sagittal section showing the relation of the greater omentum, stomach, transversa colon, 
and small intestinal loops at 4 months. The pancreas and duodenum have already acquired a retroperitoneal 
position. B. Similar section as in (A) in the newborn. The leaves of the greater omentum have fused with each 
other and with the transverse mesocolon. The transverse mesocolon covers the duodenum, which fuses 
with the posterior body wall to  assume a retroperitoneal position.

itself is derived from mesoderm of the septum 
transversum. When liver cords grow into the 
septum, it thins to form (1) the peritoneum of 
the hver; (2) the falciform ligament, extend- 
ing from the liver to the ventral body wall; 
and (3) the lesser omentum, extending from 
the stomach and upper duodenum to the liver 
(Figs. 15.14 and 15.15). The free margin of the 
falciform ligament contains the umbilical vein 
(Fig. 15.10A), which is obliterated after birth

to form the round ligament of the liver (liga- 
m entum teres hepatis). The free margin o f the 
lesser omentum connecting the duodenum and 
liver (hepatoduodenal ligament) contains the 
bile duct, portal vein, and hepatic artery (portal 
triad). This free margin also forms the roof of 
the epiploic foramen of Winslow, which is the 
opening connecting the omental bursa (lesser 
sac) wiüi the rest o f the peritoneal cavity (greater 
sac) (Fig. 15.16).

Cloacal
membrane

FIGURE 15.14 A. A 3-mm embryo (approximately 25 days] showing the prlmitive gastrointestinal tract and 
formation of the liver bud. The bud is formed by endoderm lining the foregut. B. A 5-mm embryo (approxi­
mately 32 days]. Epithelial liver cords penetrate the mesenchyme o f the septum transversum.
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Tongue Lesser
B a re a re a o flive r omentum Dorsal

mesogastrium

FIGURE 15.15 A. A 9-mm embryo [approximately 36 days], The liver expands caudally into the abdominal 
cavity. Note condensation of mesenchyme in the area between the liver and the pericardial cavity, foreshad- 
owing formation of the diaphragm from part of the septum transversum. B. A slightiy oider embryo. Note 
the falciform ligament extending between the liver and the anterior abdominal wall and the lesser omentum 
extending between the liver and the foregut (stomach and duodenum). The liver is entirely surrounded by 
peritoneum except in its contact area with the diaphragm. This is the bare area of the liver.

Duodenum
The terminal part o f the foregut and the cephalic 
part o f the midgut form the duodenum. The 
junction o f the two parts is directly distal to the 
origin o f the liver bud (Figs. 15.14 and 15.15).

As the stomach rotates, the duodenum takes on 
the form of a C-shaped loop and rotates to the 
right. This rotation, together with rapid growth of 
the head o f the pancreas, swings the duodenum 
from its initial midline position to the right side

Liver Falciform ligament

Porta hepatis

Omental (epiploic)_ 
foramen

Costodiaphragmatic 
recess 
10th rib—  

l l t h  costal 
cartilage 

Transverse colon appearin^ 
in an unusual gap in the 

greater omentum 
Transversus- 

abdominis

Stomach

Diaphragm

Anastomosis between 
right and left gastro- 
omental (epiploic) 
arteries

Greater omentum, 
gastrocolic portion

FIGURE 15.16 Lesser omentum extending from the liver to  the lesser curvature of the stomach [hepatogas- 
tric ligament] and to the duodenum [hepatoduodenal ligament]. In its free margin anterior to  the omental 
foramen [epiploic foramen of Winslow] are the hepatic artery, portal vein, and bile duct (portal triad].
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Dorsal
mesoduodenum

Kidney

Pancreas

Parietal 
peritoneum

Duodenum

FIGURE 15.17 T ra n sve rsa  s e c tio n s  th ro u g h  th e  re g ió n  o f  th e  d u o d e n u m  a t  v a r io u s  s ta g e s  o f  d e v e lo p m e n t. 
A t  f irs t, th e  d u o d e n u m  a n d  head o f  th e  p a n c re a s  a re  lo c a te d  in th e  m e d ia n  p la ñ e  (A), b u t la te r, th e y  sw in g  
to  th e  r ig h t and  a c q u ire  a re tro p e r ito n e a l p o s itio n  (B).

of the abdominal cavity (Figs. 15.10A and 15.17). 
The duodenum and head of the pancreas press 
against the dorsal body wall, and the right surface 
of the dorsal mesoduodenum fuses with the ad- 
jacent peritoneum. Both layers subsequently 
disappear, and the duodenum and head of the 
pancreas become fixed in a retroperitoneal po­
sition. The entire pancreas thus obtains a retro­
peritoneal position. The dorsal mesoduodenum 
disappears entirely except in the región of the py- 
lorus of the stomach, where a small portion of the 
duodenum (duodenal cap) retains its mesentery 
and remains intraperitoneal.

Cavity
formation

Solid stage Recanalization

FIGURE 15.18 U p p e r p o rt io n  o f  th e  d u o d e n u m  
s h o w in g  th e  so lid  s ta g e  (A) a n d  c a v ity  fo rm a tio n  
(B) p ro d u c e d  by re c a n a liz a tio n .

During the second month, the lumen of the 
duodenum is obliterated by proliferation of cells 
in its walls. However, the lumen is recanalized 
shortly thereafter (Fig. 15.18A,B)- Because the 
foregut is supplied by the celiac artery and the 
midgut is supplied by the superior mesenteric 
artery, the duodenum is supplied by branches 
ofboth arteries (Fig. 15.14).

Clinical Correlates

stomach Abnormalities 
Pyloric stenosis o c c u rs  w /hen  th e  c ir c u la r  
a n d , to  a  le s s e r  d e g re e , th e  lo n g itu d in a l m u s -  
c u la tu re  o f  th e  s to m a c h  in  th e  re g ió n  o f  th e  
p y lo ru s  h y p e r t r o p h ie s .  O n e  o f  th e  m o s t  c o m -  
m o n  a b n o r m a li t ie s  o f  th e  s to m a c h  in  in fa n ts ,  
p y lo r ic  s te n o s is  w a s  p re v io u s ly  b e lie v e d  to  
d e v e lo p  o n iy  d u r in g  fe ta l  Ufe, d e s p ite  th e  
f a c t  t h a t  m o s t  c a s e s  p re s e n t  3 t o  5  d a y s  
a f te r  b ir th .  H o w e v e r , r e c e n t  d a ta  in d íc a te  
t h a t  a  p o s tn a ta l  e x p o s u re  (e .g ., t r e a tm e n t  
w ith  e r y th r o m y c in  in  th e  n e w b o rn  p e r io d ]  
s u b s ta n t ia l ly  in c re a s e s  th e  r is k  f o r  p y lo r ic  
s te n o s is ,  s u g g e s t in g  t h a t  in  s o m e  c a s e s  th e  
d e fe c t  m a y  d e v e lo p  la te r .  P y lo r ic  s te n o s is  is  
c h a ra c te r iz e d  b y  a n  e x t r e m e  n a r ro w in g  o f  
t h e  p y lo r ic  lu m e n , a n d  th e  p a s s a g e  o f  fo o d  
is  o b s t ru c te d ,  re s u lt in g  in  s e v e re  p ro je c -  
t i le  v o m it in g .  In a fe w  c a s e s , th e  p y lo ru s  is  
a t r e t ic .  O th e r  m a lfo r m a t io n s  o f  t h e  s to m a c h ,  
s u c h  a s  d u p l ic a t io n s  a n d  a  p re p y lo r ic  s e p ­
tu m ,  a re  ra re .
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Liver and Gallbladder
The liver primordium appears in the middle of the 
third week as an outgrowth of the endodermal epi- 
thelium at the distal end of the foregut (Figs. 15.14 
and 15.15). This outgrowth, the hepatic divertic- 
ulum, or liver bud, consists of rapidly proliferat- 
ing cells that penetrate the septum transversum, 
that is, the mesodermal píate between the pericar- 
dial cavity and the stalk of the yolk sac (Figs. 15.14 
and 15.15). While hepatic cells continué to pen­
etrate the septum, the connection between the he­
patic diverticulum and the foregut (duodenum) 
narrows, forming the bile duct. A small ventral 
outgrowth is formed by the bile duct, and this 
outgrowth gives rise to the gallbladder and the 
cystic duct (Figs. 15.15). During further devel- 
opment, epithelial liver cords intermingle with 
the vitelline and umbilical veins, which form he­
patic sinusoids. Liver cords diíferentiate into the 
parenchyma (liver cells) and form the lining of 
the biliary ducts. Hematopoietic cells, Kupffer 
cells, and connective tissue cells are derived from 
mesoderm of the septum transversum.

When liver cells have invaded the entire septum 
transversum, so that the organ bulges caudally into 
the abdominal cavity, mesoderm of the septum 
transversum lying between the liver and the fore­
gut and the liver and the ventral abdominal waU be- 
comes membranous, forming the lesser omentum 
and falciform ligament, respectively. Together, 
having formed the peritoneal connection between 
the foregut and the ventral abdominal waU, they 
are known as the ventral mesentery (Fig. 15.15).

Mesoderm on the surface of the liver differen- 
tiates into visceral peritoneum except on its era- 
nial surface (Fig. 15.15B). In this región, the liver 
remains in contact with the rest of the original

septum transversum. This portion ofthe septum, 
which consists of densely packed mesoderm, will 
form the central tendón of the diaphragm. The 
surface of the liver that is in contact with the fu- 
ture diaphragm is never covered by peritoneum; 
it is the bare area of the liver (Fig. 15.15).

In the lOth week of development, the weight 
of the liver is approximately 10% of the total 
body weight. Although this may be attributed 
partly to the large numbers of sinusoids, another 
important factor is its hematopoietic function. 
Large nests of proliferating cells, which pro­
duce red and white blood cells, lie between he­
patic cells and walls of the vessels. This activity 
gradually subsides during the last 2 months of 
intrauterine Ufe, and only small hematopoietic 
islands remain at birth. The weight of the liver is 
then only 5% of the total body weight.

Another important function of the liver be- 
gins at approximately the 12th week, when bile is 
formed by hepatic ceUs. Meanwhile, because the 
gallbladder and cystic duct have developed and 
the cystic duct has joined the hepatic duct to form 
the bile duct (Fig. 15.15), bile can enter the gastro­
intestinal tract. As a result, its contents take on a 
dark green color. Because of positional changes of 
the duodenum, the entrance of the bile duct gradu­
ally shifts from its initial anterior position to a pos­
terior one, and consequently, the bile duct passes 
behind the duodenum (Figs. 15.19 and 15.20).

■  MOLECULAR REGULATION OF 
LIVER INDUCTION________________

All of the foregut endoderm has the potential 
to express liver-specific genes and to diíferenti­
ate into liver tissue. However, this expression is

Liver bud

Stomach

Gallbladder

Ventral 
pancreatic bud

Dorsal 
pancreatic bud

Hepatic
duct

Cystic
duct

Ventral 
B pancreas

Dorsal
pancreas

FIGURE 15.19 S ta g e s  in d e v e lo p m e n t o f  th e  pan c re a s . A. 3 0  days  [a p p ro x im a te ly  5 m m ). B. 35  days  
[a p p ro x im a te ly  7 m m ], In itia lly , th e  v e n tra l p a n c re a tic  bud  lies  c ió se  to  th e  live r bud , b u t  la te r, it  m o ve s  p o s - 
te r io r ly  a ro u n d  th e  d u o d e n u m  to w a rd  th e  d o rsa l p a n c re a tic  bud .
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Accessory 
pancreatic duct

Dorsal 
pancreatic duct

Minor papilla 

Major papilla

A

Ventral 
pancreatic duct

Main pancreatic duct 

Uncinate process
Ventral 

pancreatic duct
B

FIGURE 15.20 A. Pa ncreas  d u h n g  th e  s ix th  w e e k  o f  d e v e lo p m e n t. T he  v e n tra l p a n c re a tic  b u d  is in c ióse  
c o n ta d  w ith  th e  d o rsa l p a n c re a tic  bud . B. Fusión  o f  th e  p a n c re a tic  d u c ts . The m a in  p a n c re a tic  d u c t e n te rs  
th e  d u o d e n u m  in c o m b in a tio n  w ith  th e  b ile  d u c t  a t  th e  m a jo r p a p illa . T he  a c c e s so ry  p a n c re a tic  d u c t  [w h e n  
p re s e n t] e n te rs  th e  d u o d e n u m  a t th e  m in o r pap illa .

blocked by factors produced by surrounding tis- 
sues, including ectoderm, noncardiac mesoderm, 
and particularly the notochord (Fig. 15.21). The 
action of these inhibitors is blocked in the pro- 
spective hepatic región by fibroblast growth fac­
tors (FGF2) secreted by cardiac mesoderm and 
by blood vessel-forming endothelial ceUs adjacent 
to the gut tube at the site of liver bud outgrowth. 
Thus, the cardiac mesoderm together with neigh- 
boring vascular endothelial cells “instructs” gut 
endoderm to express liver-specific genes by in-

hibiting an inhibitory factor of these same genes. 
Other factors participating in this “instruction” 
are bone morphogenetic proteins (BMPs) se­
creted by the septum transversum. BMPs appear 
to enhance the competence of prospective liver 
endoderm to respond to FGF2. Once this “instruc­
tion” is received, cells in the liver field diíFerenti- 
ate into both hepatocytes and biliary cell lineages, 
a process that is at least partially regulated by 
HEPATOCYTE NUCLEAR TRANSCRIPTION 
FACTORS (HNF3 andHNF4).

Foregut Hindgut

Heart 
tube

Septum 
transversum

Notochord
Ectoderm

— \ • 
Endoderm

Hepatic
field

Cardiac 
/  mesoderm

FIGURE 15.21 D ia g ra m s  o f  th e  c a rd ia c - a n d  h e p a tic - fo rm in g  re g io n s  il lu s tra tin g  in d u c tio n  o f  live r d e v e lo p ­
m e n t. A ll o f th e  g u t  e n d o d e rm  has  th e  p o te n tia l to  fo rm  live r tissu e , b u t th is  c a p a c ity  is  re p re sse d  b y  in h ib i­
to rs  s e c re te d  b y  n e ig h b o r in g  m e so d e rm , e c to d e rm , a n d  th e  n o to c h o rd . S t im u la tio n  o f  h e p a tic  d e v e lo p m e n t 
is  a ch ie ve d  b y  s e c re tio n  o f b one  m o rp h o g e n e tic  p ro te in s  [BM P s] b y  th e  s e p tu m  tra n s v e rs u m  and  f ib ro b la s t 
g ro w th  fa c to r  2 [FGF2] b y  c a rd ia c  m e so d e rm . BM Ps e n h a n ce  th e  c o m p e te n c e  o f p ro s p e c tiv e  live r e n d o d e rm  
to  re s p o n d  to  FGF2. T hen, FGF2 in h ib its  a c t iv ity  o f  th e  in h ib ito rs , th e re b y  s p e c ify in g  th e  h e p a tic  f ie ld  and  
in it ia t in g  live r d e v e lo p m e n t. T h is  in te ra c tio n  d e m o n s tra te s  th a t  n o t a ll in d u c tiv e  p ro ce sse s  a re  a re s u lt o f 
d ire c t s ig n a lin g  b y  an in d u c in g  m o le c u le  b u t  in s te a d  m a y  o c c u r  b y  re m o v a l o f  a re p re ss o r s igna l.
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Clinical Correlates

Liver and Gallbladder Abnormalities
V a r ia t io n s  in  l iv e r  lo b u la t io n  a re  c o m m o n  
b u t  n o t  c l in ic a l ly  s ig n i f ic a n t .  Accessory he- 
patic ducts a n d  duplication of the gall­
bladder (F ig . 1 5 .2 2 ] a re  a is o  c o m m o n  a n d  
u s u a l ly  a s y m p to m a t ic .  H o w e v e r ,  th e y  b e -  
c o m e  c l in ic a l ly  im p o r ta n t  u n d e r  p a th o lo g ic a l  
c o n d it io n s .  In  s o m e  c a s e s  t h e  d u c ts ,  w h ic h  
p a s s  t h r o u g h  a  s o l id  p h a s e  in  th e í r  d e v e l-  
o p m e n t ,  fa i l  t o  re c a n a liz e  [F ig . 15 .2 2 ). T h is  
d e fe c t ,  extrahepatic billary atresia, o c c u rs

in  1 /1 5 ,0 0 0  l iv e  b ir th s .  A m o n g  p a t ie n ts  w ith  
e x t r a h e p a t ic  b i l ia r y  a t re s ia ,  1 5 %  t o  2 0 %  
h a v e  p a te n t  p r o x im a l d u c ts  a n d  a c o r r e c t -  
a b le  d e fe c t ,  b u t  th e  r e m a in d e r  u s u a l ly  d ie  u n -  
le s s  th e y  re c e iv e  a l iv e r  t r a n s p la n t .  A n o th e r  
p ro b ie m  w it h  d u c t  f o r m a t io n  lie s  w i t h in  th e  
l iv e r  i t s e l f ;  i t  is  intrahepatic biliary duct a tre ­
sia a n d  hypoplasia. T h is  ra re  a b n o r m a l i t y  
(1 /1 0 0 ,0 0 0  l iv e  b ir th s ]  m a y  b e  c a u s e d  b y  fe ta l  
in fe c t io n s .  I t  m a y  b e  le th a l  b u t  u s u a l ly  ru n s  
a n  e x te n d e d  b e n ig n  c o u rs e .

Distended
hepatic duct giie duct, 

obliterated

Duodenal loop

Cystic duct

Hepatic duct Bile duct

Duplication of 
gallbladder

FIGURE 15.22 A. O b llte ra tlo n  o f th e  b ile  d u c t  re s u ltin g  in d is te n t io n  o f  th e  g a llb la d d e r and  th e  h e p a tic  
d u c ts  d is ta l to  th e  o b lite ra tio n . B. D u p lica tio n  o f  th e  g a llb la d d e r.

PANCREAS

The pancreas is formed by two buds, dorsal and 
ventral, originating from the endodermal lin- 
ing of the duodenum (Fig. 15.19). Whereas the 
dorsal pancreatic bud is in the dorsal mesentery, 
the ventral pancreatic bud is cióse to the bile 
duct (Fig. 15.19). When the duodenum rotates 
to the right and becomes C-shaped, the ven­
tral pancreatic bud moves dorsally in a manner 
similar to the shifting of the entrance of the bile 
duct (Fig. 15.19). Finally, the ventral bud comes 
to lie immediately below and behind the dorsal 
bud (Fig. 15.20). Later, the parenchyma and the 
duct systems of the dorsal and ventral pancreatic 
buds fuse (Fig. 15.20B). The ventral bud forms 
the imcinate process and inferior part of the 
head of the pancreas. The remaining part of the 
gland is derived from the dorsal bud. The main

pancreatic duct (of Wirsung) is formed by the 
distal part of the dorsal pancreatic duct and 
the entire ventral pancreatic duct (Fig. 15.205). 
The proximal part of the dorsal pancreatic duct 
either is obliterated or persists as a small channel, 
the accessory pancreatic duct (of Santorini). 
The main pancreatic duct, together with the 
bile duct, enters the duodenum at the site of the 
major papilla; the entrance of the accessory duct 
(when present) is at the site of the minor papilla. 
In about 10% of cases, the duct system fails to 
fuse, and the original double system persists.

In the third month of fetal Ufe, pancreatic is- 
lets (of Langerhans) develop from the parenchy- 
matous pancreatic tissue and scatter throughout 
the pancreas. Insulin secretion begins at ap- 
proximately the fifth month. Glucagon- and 
somatostatin-secreting cells also develop from
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parenchymal cells. Visceral mesoderm surround- 
ing the pancreatic buds forms the pancreatic 
connective tissue.

Molecular Regulation of Pancreas 
Development
FGF2 and ACTIVIN (a TGF-(3 family member) 
produced by the notochord and endothelium 
of the dorsal aorta repress SHH  expression in 
gut endoderm destined to form the dorsal pan­
creatic bud. The ventral bud is induced by vis­
ceral mesoderm. As a result, expression of the 
PANCREATIC AND DUODENAL HOMEO- 
B O X 1 (PDX) gene is upregulated. Although all 
of the downstream eíFectors of pancreas develop- 
ment have not been determined, it appears that 
expression of the paired homeobox genes PAX4 
and PAX6 specifies the endocrine cell lineage, 
such that cells expressing both genes become
3 (insulin), 8  (somatostatin), and 7  (pancreatic 
polypeptide) cells; whereas those expressing 
only PAX6 become a (glucagon) ceUs.

MIDGUT

In the 5-week embryo, the midgut is suspended 
from the dorsal abdominal wall by a short 
mesentery and communicates with the yolk 
sac by way of the viteUine duct or yolk staUc 
(Figs. 15.1 and 15.24). In the adult, the mid­
gut begins immediately distal to the entrance 
of the bile duct into the duodenum (Fig. 15.15) 
and terminates at the junction of the proximal 
two-thirds of the transverse colon with the dis­
tal third. Over its entire length, the midgut is 
supplied by the superior mesenteric artery 
(Fig. 15.24).

Development of the midgut is characterized 
by rapid elongation of the gut and its mesen­
tery, resulting in formation of the primary 
intestinal loop (Figs. 15.24 and 15.25). At its 
apex, the loop remains in open connection with 
the yolk sac by way of the narrow vitelline duct 
(Fig. 15.24). The cephalic limb of the loop de- 
velops into the distal part of the duodenum, 
the jejunum, and part of the ileum. The caudal

Clinical Correlates

Pancreatic Abnormalities
T h e  v e n t r a l  p a n c re a t ic  b u d  c o n s is ts  o f  tw o  
c o m p o n e n ts  t h a t  n o rm a l ly  fu s e  a n d  ro ta te  
a ro u n d  th e  d u o d e n u m  s o  t h a t  t h e y  c o m e  to  lie  
b e lo w  th e  d o rs a l p a n c re a t ic  b u d . O c c a s io n a lly ,  
h o w e v e r ,  th e  r ig h t  p o r t io n  o f  th e  v e n t r a l  b u d  
m ig ra te s  a lo n g  its  n o rm a l ro u te ,  b u t  th e  le f t  
m ig ra te s  in  th e  o p p o s ite  d ir e c t io n .  In th is  m a n -  
n e r, th e  d u o d e n u m  is  s u r ro u n d e d  b y  p a n c re ­
a t ic  t is s u e ,  a n d  a n  annular pancreas is  fo rm e d

L

(F ig . 15 .23 ). T h e  m a lfo r m a t io n  s o m e t im e s  c o n -  
s t r ic t s  th e  d u o d e n u m  a n d  c a u s e s  c o m p le te  
o b s t ru c t io n .

Accessory pancreatic tissue m a y  b e  a n y -  
w h e re  f r o m  th e  d is ta l e n d  o f  th e  e s o p h a g u s  
to  th e  t ip  o f  th e  p r im a ry  in te s t in a l  lo o p . M o s t 
f r e q u e n t ly ,  i t  l ie s  in  th e  m u c o s a  o f  th e  s to m -  
a c h  a n d  in  M e c k e l d iv e r t ic u lu m ,  w h e re  i t  m a y  
s h o w  a ll o f  t h e  h is to lo g ic a l c h a ra c te r is t ic s  o f  
th e  p a n c re a s  its e lf .

Gallbladder

Ventral
pancreas

Hepatic duct 

Bile duct

Stomach

Main 
pancreatic duct

Dorsal 
pancreas

Vccessory pancreatic duct

FIGURE 15.23 A n n u la r pan c re a s . The v e n tra l p a n c re a s  s p ilts  a n d  fo rm s  a rin g  a ro u n d  th e  d u o d e n u m , 
o c c a s io n a lly  re s u ltin g  in d u o d e n a l s te n o s is .
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FIGURE 15.24 E m b ryo  d u rin g  th e  s ix th  
w e e k  o f  d e v e lo p m e n t, s h o w in g  b lo o d  
s u p p ly  to  th e  s e g m e n ts  o f th e  g u t  and  
fo rm a tio n  a n d  ro ta t io n  o f  th e  p r im a ry  
in te s tin a l loop . The s u p e r io r  m e s e n te ric  
a r te ry  fo rm s  th e  a x is  o f  th is  ro ta tio n  
and  s u p p lie s  th e  m id g u t. T he  ce lia c  and  
in fe r io r  m e s e n te r ic  a rte r ie s  s u p p ly  th e  
fo re g u ta n d  h in d g u t, re sp e c tive ly .

Liver

'it)lk sac

Lung bud

Celiac artery

Superior mesenteric 
artery

Inferior mesenteric 
artery

Cloaca

limb becomes the lower portion of the ileum, 
the cecum, the appendix, the ascending colon, 
and the proximal two-thirds of the transverse 
colon.

Physiologícal Herniation
Development of the primary intestinal loop is 
characterized by rapid elongation, particularly of 
the cephalic limb. As a result of the rapid growth 
and expansión of the liver, the abdominal cavity 
temporarily becomes too small to contain all the 
intestinal loops, and they enter the extraembry- 
onic cavity in the umbilical cord during the sixth 
week of development (physiologícal umbilical 
herniation) (Fig. 15.26).

Rotation of the Midgut
Coincident with growth in length, the pri­
mary intestinal loop rotates around an axis 
formed by the superior mesenteric artery 
(Fig. 15.25). When viewed from the front, this 
rotation is counterclockwise, and it amounts 
to approximately 270° when it is complete 
(Figs. 15.25 and 15.27). Even during rota­
tion, elongation of the small intestinal loop 
continúes, and the jejunum and ileum form a 
number of coiled loops (Fig. 15.26). The large 
intestine likewise lengthens considerably but 
does not particípate in the coiling phenome- 
non. Rotation occurs during herniation (about 
90°) as well as during return of the intestinal

Cephalic limb 
of primary 

intestinal loop

Vitelline 
d u c t v ^ ^

Stomach

Duodenum

Superior
mesenteric

artery

Caudal limb of primary 
intestinal loop

FIGURE 15.25 A. P rim a ry  in te s tin a l lo o p  b e fo re  ro ta tio n  ( la te ra l v ie w ], The s u p e r io r  m e s e n te ric  a r te ry  fo rm s  
th e  a x is  o f  th e  loop . Arrow, c o u n te rc lo c k w is e  ro ta tio n . B. S im ila r v ie w  as in (A) s h o w in g  th e  p r im a ry  in te s tin a l 
loop  a f te r  9 0 °  c o u n te rc lo c k w is e  ro ta tio n . T he  tra n s v e rs e  co lo n  passes in f r o n t  o f th e  d u o d e n u m .
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Diaphragm
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FIGURE 15.26 U m b ilica l h e rn ia tio n  o f th e  in te s tin a l lo o p s  in an em b t7 0  o f  a p p ro x im a te ly  8  w e e ks  [c ro w n - 
ru m p  le n g th , 35  m m ], C o iling  o f  th e  sm a ll in te s tin a l lo o p s  and  fo rm a tio n  o f  th e  c e cu m  o c c u r  d u rin g  th e  
h e rn ia tio n . T he  f ir s t  9 0 °  o f  ro ta tio n  o c c u rs  d u rin g  h e rn ia tio n ; th e  re m a in in g  180° o c c u rs  d u r in g  th e  re tu rn  o f 
th e  g u t  to  th e  a b d o m in a l c a v ity  in th e  th ird  m o n th .

loops inte the abdominal cavity (remaining 
180°) (Fig. 15.27).

Retraction of Herniated Loops
During the lOth week, herniated intestinal 
loops begin to return to the abdominal cavity.

Although the factors responsible for this 
return are not precisely known, it is thought 
that regression of the mesonephric kidney, 
reduced growth of the liver, and expan­
sión of the abdominal cavity play important 
roles.

Aorta

Ascending
colon

Stomach

Duodenum

Hepatic 
flexure

Ascending 
colon

Vitelline
duct

Jejunoileal 
loops

/Transverse  
colon

Descending 
colon

'  Sigmoid

FIGURE 15.27 A. A n te r io r  v ie w  o f th e  in te s tin a l lo o p s  a f te r  270° c o u n te rc lo c k w is e  ro ta tio n . N o te  th e  co ilin g  
o f  th e  sm a ll in te s tin a l lo o p s  a n d  th e  p o s itio n  o f  th e  ceca l bud  in th e  r ig h t  u p p e r q u a d ra n t o f  th e  a b d o m e n .
B. S im ila r v ie w  as in ÍA) w ith  th e  in te s tin a l lo o p s  in th e ir  f in a l p o s itio n . D is p la c e m e n t o f  th e  c e cu m  and  
a p p e n d ix  c a u d a lly  p la ce s  th e m  in th e  r ig h t lo w e r q u a d ra n t o f th e  a b d o m e n .



FIGURE 15.28 S u ccess ive  s ta g e s  in  d e v e lo p m e n t o f  th e  c e cu m  a n d  a p p e n d ix . A. 7 w eeks. B. 8  w eeks. 
C. N ew born .

The proximal portion of the jejunum, the first 
part to reenter the abdominal cavity, comes to 
he on the left side (Fig. 15.27A). The later re- 
turning loops gradually settle more and more 
to the right. The cecal bud, which appears at 
about the sixth week as a small conical dila- 
tion of the caudal limb of the primary intestinal 
loop, is the last part of the gut to reenter the ab­
dominal cavity. Temporarily, it lies in the right 
upper quadrant directly below the right lobe of 
the liver (Fig. 15.27A). From here, it descends 
into the right iliac fossa, placing the ascending 
colon and hepatic flexure on the right side of 
the abdominal cavity (Fig. 15.27B). During this 
process, the distal end of the cecal bud forms a 
narrow diverticulum, the appendix (Fig. 15.28).

Because the appendix develops during de­
scent of the colon, its final position frequently is 
posterior to the cecum or colon. These positions 
of the appendix are called retrocecal or retro- 
colic, respectively (Fig. 15.29).

Mesenteries of the Intestinal Loops
The mesentery of the primary intestinal loop, 
the mesentery proper, undergoes profound 
changes with rotation and coiling of the bowel. 
When the caudal limb of the loop moves to 
the right side of the abdominal cavity, the dor­
sal mesentery twists around the origin of the 
superior mesenteric artery (Fig. 15.24). Later, 
when the ascending and descending portions 
of the colon obtain their definitive positions, 
their mesenteries press against the peritoneum 
of the posterior abdominal wall (Fig. 15.30). 
After fusión of these layers, the ascending and 
descending colons are permanently anchored in 
a retroperitoneal position. The appendix, lower

end of the cecum, and sigmoid colon, however, 
retain their free mesenteries (Fig. 15.305).

The fate of the transverse mesocolon is dif- 
ferent. It fuses with the posterior wall of the 
greater omentum (Fig. 15.30) but maintains its 
mobility. Its line of attachment finally extends 
from the hepatic flexure of the ascending colon 
to the splenic flexure of the descending colon 
(Fig. 15.30B).

The mesentery of the jejunoileal loops is 
at first continuous with that of the ascending 
colon (Fig. 15.30A). When the mesentery of the 
ascending mesocolon fuses with the posterior 
abdominal wall, the mesentery of the jejunoil­
eal loops obtains a new line of attachment that 
extends from the area where the duodenum be- 
comes intraperitoneal to the ileocecal junction 
(Fig. 15.305).

FIGURE 15.29 V a rio u s  p o s it io n s  o f  t l ie  a p p e n d ix . In 
a b o u t 5 0 %  o f cases, t l ie  a p p e n d ix  is  re tro c e c a l o r 
re tro c o lic .
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FIGURE 15.30 F ro n ta l v ie w  o f  th e  in te s tin a l lo o p s  w ith  (A) a n d  a f te r  re m o v a l o f  (B) th e  g re a te r  o m e n tu m . 
Gray oreos, p a r ts  o f  th e  d o rsa l m e s e n te ry  th a t  fu s e  w ith  th e  p o s te r io r  a b d o m in a l w a ll. N o te  th e  lin e  o f 
a tta c h m e n t o f th e  m e s e n te ry  p rope r.

Cfinical Correlatas

Abnormalitíes of the Mesenteries
N o rm a lly ,  t h e  a s c e n d in g  c o lo n ,  e x c e p t  f o r  its  
m o s t  c a u d a l p a r t  ( a p p r o x im a te ly  1 in .), fu s e s  
t o  th e  p o s te r io r  a b d o m in a l w a ll a n d  is  c o v -  
e re d  b y  p e r ito n e u m  o n  i t s  a n te r io r  s u r fa c e  a n d  
s id e s . P e rs ís te n c e  o f  a  p o r t io n  o f  th e  m e s o c o ­
lo n  g iv e s  r is e  t o  a mobile cecum. In th e  m o s t  
e x t re m e  fo rm , th e  m e s e n te ry  o f  th e  a s c e n d ­
in g  c o lo n  fa i ls  t o  fu s e  w ith  th e  p o s te r io r  b o d y  
w a ll .  S u ch  a  lo n g  m e s e n te ry  a l lo w s  a b n o rm a l 
m o v e m e n ts  o f  th e  g u t  o r  e v e n  volvulus o f  th e  
c e c u m  a n d  c o lo n . S im ila r ly ,  in c o m p le te  fu s ió n  
o f  th e  m e s e n te ry  w ith  th e  p o s te r io r  b o d y  w a ll 
m a y  g iv e  r is e  t o  r e t ro c o l ic  p o c k e ts  b e h in d  th e  
a s c e n d in g  m e s o c o lo n .  A  retrocolic hernia is  
e n t r a p m e n t  o f  p o r t io n s  o f  th e  s m a ll  in te s t in e  
b e h in d  th e  m e s o c o lo n .

Body Wall Defects
Omphalocele (F ig . 1 5 .3 1 4 ,8 ] in v o lv e s  h e r -  
n ia t io n  o f  a b d o m in a l v is c e ra  t h r o u g h  a n  
e n la rg e d  u m b i l ic a l  r in g .  T h e  v is c e ra ,  w h ic h  
m a y  in c lu d e  l iv e r ,  s m a ll  a n d  la rg e  ín te s t in e s ,  
s to m a c h ,  s p ie e n ,  o r  g a l lb la d d e r ,  a re  c o v e re d  
b y  a m n io n .  T h e  o r ig in  o f  th e  d e fe c t  is  a  fa i lu r e  
o f  t h e  b o w e l t o  r e tu r n  t o  t h e  b o d y  c a v i t y  f r o m  
i t s  p h y s io lo g ic a l  h e r n ia t io n  d u r in g  t h e  6 th  
t o  lO th  w e e k s .  I t  c a n  b e  d ia g n o s e d  in  ú te r o  
la te r  in  g e s ta t io n  b y  u l t r a s o u n d  (F ig . 15.31D). 
O m p h a lo c e le  o c c u rs  in  2 .5 /1 0 ,0 0 0  b i r th s  a n d

is  a s s o c ia te d  w it h  a  h ig h  ra te  o f  m o r ta l i t y  
(2 5 % ) a n d  s e v e re  m a l fo r m a t io n s ,  s u c h  a s  
c a rd ia c  a n o m a lie s  (5 0 % ] a n d  n e u ra l t u b e  d e ­
fe c ts  ( 4 0 % ].  A p p r o x im a te ly  1 5 %  o f  l iv e - b o r n  
in fa n ts  w i t h  o m p h a lo c e le  h a v e  c h ro m o s o m a l 
a b n o r m a li t ie s .

Gastroschisis (F ig . 15.31C] re fe rs  t o  a p ro -  
t r u s io n  o f  a b d o m in a l c o n te n ts  th r o u g h  th e  
b o d y  w a ll  d i r e c t ly  in to  th e  a m n io t ic  c a v ity .  
I t  o c c u rs  la te ra l t o  th e  u m b il ic u s  u s u a lly  o n  
th e  r ig h t ,  a n d  th e  d e fe c t  is  m o s t  l ik e ly  d u e  to  
a b n o rm a l c lo s u re  o f  th e  b o d y  w a ll  a ro u n d  th e  
c o n n e c t in g  s ta lk  [s e e  C h a p te r  7 ]. V is c e ra  a re  
n o t  c o v e re d  b y  p e r ito n e u m  o r  a m n io n , a n d  th e  
b o w e l m a y  be  d a m a g e d  b y  e x p o s u re  t o  a m n i­
o t ic  f lu id .  L ik e  o m p h a lo c e le ,  i t  c a n  b e  d ia g n o s e d  
la te r  in  p re g n a n c y  b y  u l t r a s o u n d  (F ig . 1 5 .3 1 f). 
G a s tro s c h is is  o c c u rs  in  1 /1 0 ,0 0 0  b ir th s  b u t  
is  in c re a s in g  in  f re q u e n c y ,  e s p e c ia l ly  a m o n g  
y o u n g  w o m e n  ( < 2 0  y e a rs  o íd ]. T h e  re a s o n  
f o r  th is  in c re a s e  a n d  w h y  th e  d e fe c t  is  m o re  
p r e v a le n t  in  b a b ie s  b o rn  t o  y o u n g e r  w o m e n  
is  n o t  k n o w n . U n lik e  o m p h a lo c e le ,  g a s t r o s ­
c h is is  is  n o t  a s s o c ia te d  w ith  c h ro m o s o m e  
a b n o r m a li t ie s  o r  o th e r  s e v e re  d e fe c ts ,  s o  th e  
s u rv iv a l r a te  is  e x c e lle n t .  V o lv u lu s  ( r o ta t io n  o f  
th e  b o w e l]  re s u lt in g  in  a  c o m p ro m is e d  b lo o d  
s u p p ly  m a y , h o w e v e r ,  k ill la rg e  re g io n s  o f  th e  
in te s t in e  a n d  le a d  t o  fe ta l  d e a th .

[continuedj
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FIGURE 15.31 A. O m pha loce le  sh o w in g  fa ilu re  o f  th e  in te s tin a l loops to  re tu rn  to  th e  b o d y  c a v ity  a fte r  p h ys i- 
o log ica l h e rn ia tio n . The h e rn ia te d  loops  are  cove red  by am n ion . B. O m pha loce le  in a new born . C. N ew born  
w ith  gas trosch is is . Loops o f  bow e l e x te n d  th ro u g h  a c losu re  d e fe c t in th e  ve n tra l bo d y  w a ll and  a re  n o t c o v ­
ered by a m n io n  (see C hap te r 7], D. U ltra sou nd  a t  22 w eeks  sh o w in g  a fe tu s  w ith  an o m p h a lo ce le  [O) p ro tru d - 
ing fro m  th e  a b d o m in a l w a ll [A]. The sphe rica l na tu re  o f  th e  d e fe c t is due  to  th e  fa c t th a t  th e re  is a co ve ring  
o f am n io n  th a t  h o lds  th e  loops  o f  bow e l in  p lace. E. U ltra sou nd  a t  16 w eeks  o f  a fe tu s  w ith  gas tro sch is is  [G]. 
Loops o f bow e l p ro tru d e  th ro u g h  th e  a b d o m in a l w a ll [>A) and  a re  n o t cove red  by am n io n  and  so have a m ore  
ragged  appearanee. In b o th  (D) and  (E) , th e  red and  blue co lo rs  ind íca te  b lood  f lo w  in th e  um b ilica l c ircu la tion .
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Meckel diverticulum Vitelline cyst Vitelline fístula

Vitelline ligaments

FIGURE 15.32 R e m n a n ts  o f th e  v ite llin e  du c t. A. M eckel, o r  ilea l, d iv e r t ic u lu m  c o m b in e d  v^^ith f ib ro u s  co rd  
[v ite llin e  lig a m e n t], B. V ite llin e  c y s t a tta c h e d  to  th e  u m b ilic u s  and  w a ll o f  th e  ile u m  b y  v ite llin e  lig a m e n ts .
C. V ite ll in e  f is tu la  c o n n e c tin g  th e  lu m e n  o f  th e  ile u m  w ith  th e  u m b ilicu s .

Vitelline Duct Abnormalities
In 2 %  to  4 %  o f  p e o p le , a  s m a ll p o r t io n  o f  th e  
vitelline duct p e rs is ts ,  fo rm ín g  a n  o u tp o c k e t -  
in g  o f  th e  ile u m , Meckel diverticulum o r  ileal 
diverticulum (F ig . 1 5 .3 2 4 ). In th e  a d u lt ,  th is  d i ­
v e r t ic u lu m ,  a p p r o x im a te ly  4 0  to  6 0  c m  f ro m  th e  
i le o c e c a l v a lv e  o n  th e  a n t im e s e n te r ic  b o rd e r  o f  
th e  i le u m , d o e s  n o t  u s u a l ly  c a u s e  a n y  s y m p -  
to m s .  H o w e v e r , w /hen  i t  c o n ta in s  h e te ro to p ic  
p a n c re a t ic  t is s u e  o r  g a s t r ic  m u c o s a , i t  m a y  
c a u s e  u lc e ra t io n ,  b le e d in g ,  o r  e v e n  p e r fo r a -  
t io n .  S o m e t im e s , b o th  e n d s  o f  th e  v i te l l in e  d u c t  
t r a n s fo r m  in te  f ib r o u s  c o rd s ,  a n d  th e  m id d ie  
p o r t io n  fo r m s  a la rg e  c y s t ,  a n  enterocystoma, 
o r  a vitelline cyst (F ig . 1 5 .32S ). B e c a u s e  th e  
f ib r o u s  c o rd s  t r a v e rs e  th e  p e r ito n e a l c a v ity ,  
in te s t in a l  lo o p s  m a y  t w is t  a ro u n d  th e  f ib r o u s  
s t ra n d s  a n d  b e c o m e  o b s t ru c te d ,  c a u s in g  
s t r a n g u la t io n  o r  v o lv u lu s .  In  a n o th e r  v a r ia -  
t io n ,  th e  v i te l l in e  d u c t  re m a in s  p a te n t  o v e r  its  
e n t i r e  le n g th ,  fo r m in g  a  d ir e c t  c o m m u n ic a t io n  
b e tw e e n  th e  u m b il ic u s  a n d  th e  in te s t in a l  t r a c t .  
T h is  a b n o r m a li t y  is  k n o w n  a s  a n  umbilical fís­
tula, o r  a vitelline fístula [F ig . 15.32C ). A  fe c a l 
d is c h a rg e  m a y  th e n  b e  fo u n d  a t  th e  u m b il ic u s .

Gut Rotatíon Defects
M a lro ta t io n  o f  th e  in te s t in a l  lo o p  m a y  r e s u lt  
in  t w is t in g  o f  th e  ín te s t ín e  (volvulus) a n d  a 
c o m p ro m is e  o f  th e  b lo o d  s u p p iy .  N o rm a lly ,  
t h e  p r im a ry  in te s t in a l  lo o p  r o ta te s  2 7 0 °  c o u n -  
te r c lo c k w is e .  O c c a s io n a lly ,  h o w e v e r ,  r o ta t io n  
a m o u n ts  t o  9 0 °  o n iy . W h e n  th is  o c c u rs , th e  
c o lo n  a n d  c e c u m  a re  th e  f i r s t  p o r t io n s  o f  th e  
g u t  t o  r e tu rn  f r o m  th e  u m b il ic a l c o rd , a n d  th e y  
s e t t ie  o n  th e  le f t  s id e  o f  th e  a b d o m in a l c a v ity  
(F ig . 1 5 .3 3 4 ). T h e  la te r  r e tu r n in g  lo o p s  th e n  
m o v e  m o re  a n d  m o re  t o  th e  r ig h t ,  re s u lt in g  in  
a left-sided colon.

Reversed rotation of the intestinal loop 
o c c u rs  w h e n  th e  p r im a ry  lo o p  ro ta te s  9 0 °  c lo c k -  
w is e . In  th is  a b n o rm a li ty ,  t h e  t ra n s v e rs e  c o lo n  
p a s s e s  b e h in d  th e  d u o d e n u m  (F ig . 1 5 .3 3 6 ) a n d  
lie s  b e h in d  th e  s u p e r io r  m e s e n te r ic  a r te ry .

Duplications of intestinal loops and cysts 
m a y  o c c u r  a n y w h e re  a lo n g  th e  le n g th  o f  th e  
g u t  tu b e . T h e y  a re  m o s t  f r e q u e n t ly  fo u n d  in  th e  
re g ió n  o f  th e  ile u m , w h e re  th e y  m a y  v a ry  f r o m  a 
lo n g  s e g m e n t to  a  s m a ll d iv e r t ic u lu m . S y m p to m s  
u s u a lly  o c c u r  e a r ly  in  life , a n d  3 3 %  a re  a s s o -  
c ia te d  w ith  o th e r  d e fe c ts , s u c h  a s  in te s t in a l

FIGURE 15.33 A. A b n o rm a l ro ta tio n  o f  th e  p rim a ry  in tes tina l loop. The co lon  is on th e  le f t  s ide o f  th e  abdom en, 
and th e  sm a ll in tes tina l loops  are  on th e  righ t. The ileum  e n te rs  th e  cecum  fro m  th e  righ t. B. The p rim a ry  in ­
te s tin a l loop  is ro ta te d  9 0 °  c lockw ise  [reversed  ro ta tion ). The tra n sve rse  co lon  passes beh ind  th e  duodenum .

[continued]
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a tre s ia s , im p e r fo ra te  a n u s , g a s tro s c h is is ,  a n d  
o m p h a lo c e le . T h e ir  o r ig in  is  u n k n o w n , a lth o u g h  
th e y  m a y  re s u lt  f r o m  a b n o rm a l p ro l i fe ra t io n s  o f 
g u t  p a re n c h y m a .

Gut Atresias and Stenoses 
Atresias and stenoses m a y  o c c u r  a n y w h e re  
a lo n g  th e  in te s t in e .  M o s t o c c u r  in  th e  d u o -  
d e n u m , fe w e s t  o c c u r  in  th e  c o lo n , a n d  e q u a l 
n u m b e rs  o c c u r  in  th e  je ju n u m  a n d  ile u m  
(1 /1 ,5 0 0  b ir th s ) .  A tr e s ia s  in  th e  u p p e r  d u o d e -  
n u m  a re  p ro b a b ly  d u e  t o  a  la c k  o f  re c a n a li-  
z a t io n  (F ig . 15.18]. F ro m  th e  d is ta l p o r t io n  o f 
th e  d u o d e n u m  c a u d a lly ,  h o w e v e r ,  s te n o s e s  
a n d  a t re s ia s  w e re  t h o u g h t  t o  b e  c a u s e d  b y  
vascular “accidents” t h a t  re s u lte d  in  c o m -  
p ro m is e d  b lo o d  f lo w  a n d  t is s u e  n e c ro s is  in  a 
s e c t io n  o f  th e  g u t  re s u lt in g  in  th e  d e fe c ts .  It 
w a s  s u g g e s te d  t h a t  th e s e  a c c id e n ts  c o u ld  be  
c a u s e d  b y  m a lr o ta t io n ,  v o lv u lu s ,  g a s t r o s c h i­
s is , o m p h a lo c e le ,  a n d  o th e r  fa c to r s .  H o w e v e r , 
n e w  e v id e n c e  s u g g e s ts  t h a t  p ro b le m s  w ith  
g u t  d i f f e r e n t ia t io n  c a n  a is o  c a u s e  th e s e  d e ­
fe c ts .  T h u s , m is e x p re s s io n  o f  s o m e  HOX g e n e s  
a n d  o f  g e n e s  a n d  re c e p to rs  in  th e  F G F fa m ily  
re s u lt  in  g u t  a t re s ia s .  In  5 0 %  o f  c a s e s , a  re ­
g ió n  o f  th e  b o w e l is  lo s t ,  a n d  in  2 0 % , a  f ib r o u s  
c o rd  re m a in s  (F ig . 1 5 .3 4 A ,B ]. In a n o th e r  2 0 % , 
th e r e  is  n a r ro w in g ,  w ith  a th in  d ia p h ra g m  
s e p a ra t in g  th e  la rg e r  a n d  s m a lle r  p ie c e s  o f 
b o w e l (F ig . 15 .3 4 C ]. S te n o s e s  a n d  m ú lt ip le  
a t re s ia s  a c c o u n t  fo r  th e  re m a in in g  1 0 %  o f 
th e s e  d e fe c ts ,  w ith  a f r e q u e n c y  o f  5 %  e a c h

S  i i-

FIGURE 15.35 A p p le  pee l a tre s ia , w h ic h  o c c u rs  in 
th e  je ju n u m  and  a c c o u n ts  fo r  10%  o f b o w e l a tre ­
sias. T he  a ffe c te d  p o rt io n  o f  th e  b o w e l is co ile d  
a ro u n d  a re m n a n t o f  m e se n te ry .

(F ig . 1 5 .3 4 D ]. Apple peel atresia a c c o u n ts  fo r  
1 0 %  o f  a t re s ia s .  T h e  a tre s ia  is  in  th e  p ro x i-  
m a l je ju n u m ,  a n d  th e  in te s t in e  is  s h o r t ,  w ith  
th e  p o r t io n  d is ta l t o  th e  le s ió n  c o ile d  a ro u n d  
a m e s e n te r ic  r e m n a n t  (F ig . 15 .35 ]. E f fe c ts  o f  
a t re s ia s  o n  n e w b o rn s  d e p e n d  o n  th e  a m o u n t  
o f  b o w e l t h a t  h a s  b e e n  d a m a g e d  a n d  i t s  lo -  
c a t io n .  S o m e  b a b ie s  w ith  e x te n s iv e  g u t  in -  
v o lv e m e n t  h a v e  lo w  b ir th  w e ig h t  a n d  o th e r  
a b n o rm a li t ie s .

FIGURE 15.34 The m o s t c o m m o n ly  o c c u rr in g  b o w e l a tre s ia s  a n d  s te n o se s . (A). The m o s t c o m m o n , 
o ccu rs  in  5 0 %  o f cases; IB) a n d  tc) o c c u r in 2 0 %  ea ch  o f  cases, a n d  IDI o c c u rs  in 5 %  o f cases. T hey  m a y  
be ca u se d  b y  p ro b le m s  w ith  e x p re s s io n  o f  HOX and  FGFs and  c e rta in  FGF re c e p to rs  d u rin g  g u t  d if fe re n ­
t ia t io n  o r  b y  v a s c u la r a c c id e n ts : th o s e  in th e  u p p e r d u o d e n u m  m a y  be ca u se d  b y  a lack  o f  re c a n a liza tio n . 
A tre s ia s  (A-C) o c c u r in 9 5 %  o f  cases, and  s te n o s e s  (D) in o n iy  5% .
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HINDGUT

The hindgut gives rise to the distal third of the 
transversa colon, the descending colon, the sig- 
moid, the rectum, and the upper part of the anal 
canal. The endoderm of the hindgut also forms 
the internal lining of the bladder and urethra 
(see Chapter 16).

The terminal portion of the hindgut en- 
ters into the posterior región of the cloaca, the 
primitive anorectal canal; the allantois enters 
into the anterior portion, the primitive uro­
genital sínus (Fig 15.36A). The cloaca itself is 
an endoderm-lined cavity covered at its ventral 
boundary by surface ectoderm. This boundary 
between the endoderm and the ectoderm forms 
the cloacal membrana (Fig. 15.36). A layer of 
mesoderm, the urorectal septum, separates the 
región between the allantois and hindgut. This 
septum is derived from a wedge of mesoderm 
between the allantois and hindgut (Fig. 15.36). 
As the embryo grows and caudal folding contin­
úes, the tip of the urorectal septum comes to lie 
cióse to the cloacal membrane (Fig. 15.365,C). 
At the end of the seventh week, the cloacal mem­
brane ruptures, creating the anal opening for the 
hindgut and a ventral opening for the urogenital 
sinus. Between the two, the tip of the urorectal 
septum forms the perineal body (Fig. 15.36C). 
The upper part (two-thirds) of the anal canal is 
derived from endoderm of the hindgut; the lower 
part (one-third) is derived from ectoderm around 
the proctodeum (Fig. 15.36B,C). Ectoderm in 
the región of the proctodeum on the surface of 
part of the cloaca proliferates and invaginates to 
create the anal pit (Fig. 15.37D). Subsequently, 
degeneration of the cloacal membrane (now 
called the anal membrane) establishes continu- 
ity between the upper and lower parts of the anal 
canal. Because the caudal part of the anal canal 
originates from ectoderm, it is supplied by the 
inferior rectal arteries, branches of the internal 
pudendal arteries. However, the cranial part of 
the anal canal originates from endoderm and is 
therefore supplied by the superior rectal artery, 
a continuation of the inferior mesenteric artery, 
the artery of the hindgut. The junction between 
the endodermal and ectodermal regions of the 
anal canal is delineated by the pectinate line, 
just below the anal columns. At this line, the 
epithelium changes from columnar to stratified 
squamous epithelium.

Clinical Correlatas L
Hindgut Abnormalities
R e c to u re th ra l a n d  rectovaginal fístulas,
w h ic h  o c c u r  in  1 /5 ,0 0 0  liv e  b ir th s ,  m a y  be  
c a u s e d  b y  a b n o r m a li t ie s  in  f o r m a t io n  o f  th e  
c lo a c a  a n d /o r  th e  u ro re c ta l  s e p tu m . F o r e x -  
a m p le , i f  t h e  c lo a c a  is to o  s m a ll,  o r  i f  th e  u ro -  
re c ta l s e p tu m  d o e s  n o t  e x te n d  f a r  e n o u g h  
c a u d a lly ,  th e n  o p e n in g  o f  th e  h in d g u t  s h i f t s  
a n te r io r ly  le a d in g  t o  a n  o p e n in g  o f  t h e  h in d ­
g u t  in to  th e  u re th r a  o r  v a g in a  (F ig . 1 5 .3 7 4 ,6 ). 
Rectoanal fístulas and atresías v a r y  in  s e -  
v e r i t y  a n d  m a y  le a v e  a  n a r ro w  tu b e  o r  f ib r o u s  
re m n a n t  c o n n e c te d  t o  th e  p e r in e a l s u r fa c e  
(F ig . 15.37C ). T h e s e  d e fe c ts  a re  p ro b a b ly  d u e  
to  m is e x p re s s io n  o f  g e n e s  d u r in g  e p i th e l ia l -  
m e s e n c h y m a l s íg n a lin g .  Imperforate anus 
o c c u rs  w h e n  th e  a n a l m e m b ra n e  fa i ls  to  
b re a k d o w n  [F ig . 15.37D ).

Congenítal megacolon is  d u e  to  a n  a b -  
s e n c e  o f  p a ra s y m p a th e t ic  g a n g lia  in  th e  b o w e l 
w a ll [aganglíoníc megacolon o r  Hírschsprung 
dísease]. T h e s e  g a n g lia  a re  d e r iv e d  f ro m  
n e u ra l c re s t  c e lls  t h a t  m ig ra te  f r o m  th e  n e u ra l 
fo ld s  t o  th e  w a ll o f  th e  b o w e l.  M u ta t io n s  in  th e  
RET g e n e , a ty ro s in e  k in a s e  re c e p to r  in v o lv e d  
in  c re s t  c e ll m ig ra t io n  (se e  C h a p te r  18), c a n  re -  
s u l t  in  c o n g e n ita l m e g a c o lo n . In m o s t  ca se s , 
th e  re c tu m  is  in v o lv e d , a n d  in  8 0 % , th e  d e -  
f e c t  e x te n d s  t o  th e  m id p o in t  o f  th e  s ig m o id . 
In o n iy  1 0 %  to  2 0 %  a re  th e  t ra n s v e rs e  a n d  
r ig h t - s id e  c o lo n ic  s e g m e n ts  in v o lv e d , a n d  in 
3 % , th e  e n t ir e  c o lo n  is  a f fe c te d .

S U M M A R Y
The epithelium of the digestive system and the 
parenchyma of its derivatives origínate in the 
endoderm; connective tissue, muscular compo- 
nents, and peritoneal components origínate in 
the mesoderm. Diíferent regions of the gut tube 
such as the esophagus, stomach, duodenum, 
etc. are specified by a RA gradient that causes 
transcription factors unique to each región to 
be expressed (Fig. 15.2A). Then, differentia- 
tion of the gut and its derivatives depends upon 
reciprocal interactions between the gut endo­
derm (epithelium) and its surrounding meso­
derm (an epithelial-mesenchymal interaction). 
HOX genes in the mesoderm are induced by 
SHH secreted by gut endoderm and regúlate the
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FIGURE 15.36 C loaca l re g ió n  in e m b ry o s  a t  su cce ss ive  s ta g e s  o f  d e v e lo p m e n t. A. The h in d g u t e n te rs  th e  
p o s te r io r  p o rt io n  o f  th e  c loaca , th e  fu tu re  a n o re c ta l ca n a l; th e  a lla n to is  e n te rs  th e  a n te r io r  p o rt io n , th e  fu tu re  
u ro g e n ita l s inus . The u ro re c ta l s e p tu m  is fo rm e d  b y  a w e d g e  o f m e s o d e rm  b e tw e e n  th e  a lla n to is  a n d  th e  
h in d g u t. T he  c lo a ca l m e m b ra n e , w h ic h  fo rm s  th e  v e n tra l b o u n d a ry  o f  th e  c loaca , is  co m p o s e d  o f  e c to d e rm  
and  e n d o d e rm . B. As ca u d a l fo ld in g  o f th e  e m b ry o  c o n tin ú e s , th e  u ro re c ta l s e p tu m  m o ve s  c lo s e r to  th e  c lo a ­
cal m e m b ra n e . C. L e n g th e n in g  o f  th e  g e n ita l tu b e rc le  pu lís  th e  u ro g e n ita l p o rt io n  o f  th e  c loaca  a n te r io r ly ; 
b re a k d o w n  o f  th e  c lo a ca l m e m b ra n e  c re a te s  an o p e n in g  fo r  th e  h in d g u t a n d  o n e  fo r  th e  u ro g e n ita l s inus. 
The t ip  o f  th e  u ro re c ta l s e p tu m  fo rm s  th e  p e rin e a l body.
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FIGURE 15.37 U ro re c ta l (A) and  re c to v a g in a l (B) f ís tu la s  th a t  re s u lt f ro m  in c o m p le te  s e p a ra tio n  o f  th e  h in d ­
g u t fro m  th e  u ro g e n ita l s in u s  b y  th e  u ro re c ta l s e p tu m . T hese  d e fe c ts  m a y  a iso  a rise  if  th e  c loaca  is  to o  sm a ll, 
w h ic h  causes  th e  o p e n in g  o f  th e  h in d g u t to  s h if t  a n te r io r ly . C. R e c to p e rin e a l [ f is tu la ]. T hese  d e fe c ts  p ro b a b ly  
re s u lt f ro m  m is e xp re s s io n  o f g e n e s  d u rin g  e p ith e lia l-m e s e n c h y m a l s ig n a lin g  in th is  re g ió n . D. Im p e rfo ra te  
a n u s  re s u ltin g  f ro m  fa ilu re  o f  th e  ana l m e m b ra n e  to  b re a k  do w n .
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craniocaudal organization of the gut and its de- 
rivatives. The gut system extends from the oro- 
phaiyngeal membrane to the cloacal membrane 
(Fig. 15.5) and is divided into the pharyngeal 
gut, foregut, midgut, and hindgut. The pharyn­
geal gut gives rise to the phaiynx and related 
glands (see Chapter 17).

The foregut gives rise to the esophagus, the 
trachea and lung buds, the stomach, and the 
duodenum proximal to the entrance of the bile 
duct. In addition, the liver, pancreas, and bili- 
ary apparatus develop as outgrowths of the en- 
dodermal epithelium of the upper part of the 
duodenum (Fig. 15.15). Because the upper part 
of the foregut is divided by a septum (the tra- 
cheoesophageal septum) into the esophagus 
posteriorly and the trachea and lung buds an- 
teriorly, deviation of the septum may result in 
abnormal openings between the trachea and 
esophagus. The epithelial liver cords and biliary 
system growing out into the septum transver- 
sum (Fig. 15.15) diíFerentiate into parenchyma. 
Hematopoietic cells (present in the liver in 
greater numbers before birth than afterward), 
the KupfFer cells, and connective tissue cells 
origínate in the mesoderm. The pancreas devel- 
ops from a ventral bud and a dorsal bud that 
later fuse to form the definitive pancreas (Figs. 
15.19 and 15.20). Sometimes, the two parts sur- 
round the duodenum (annular pancreas), caus- 
ing constriction of the gut (Fig. 15.23).

The midgut forms the primary intestinal 
loop (Fig. 15.24), gives rise to the duodenum 
distal to the entrance of the bile duct, and con­
tinúes to the junction of the proximal two-thirds 
of the transverse colon with the distal third. At 
its apex, the primary loop remains temporarily 
in open connection with the yolk sac through 
the vitelline duct. During the sixth week, the 
loop grows so rapidly that it protrudes into 
the umbilical cord (physiological herniation) 
(Fig. 15.26). During the lOth week, it returns 
into the abdominal cavity. While these processes 
are occurring, the midgut loop rotates 270° 
counterclockwise (Fig. 15.27). Remnants of the 
vitelline duct, failure of the midgut to return to

the abdominal cavity, malrotation, stenosis, and 
duplication of parts of the gut are common ab- 
normalities.

The hindgut gives rise to the región from the 
distal third of the transverse colon to the upper 
part of the anal canal; the distal part of the anal 
canal originates from ectoderm. The hindgut 
enters the posterior región of the cloaca (fiiture 
anorectal canal), and the allantois enters the 
anterior región (future urogenital sinus). The 
urorectal septum will divide the two regions 
(Fig. 15.36) and breakdown of the cloacal mem­
brane covering this area will provide communi- 
cation to the exterior for the anus and urogenital 
sinus. Abnormalities in the size of the posterior 
región of the cloaca shift the entrance of the 
anus anteriorly, causing rectovaginal and recto- 
urethral fístulas and atresias (Fig. 15.37).

The anal canal itself is derived from endo- 
derm (cranial part) and ectoderm (caudal part). 
The caudal part is formed by invaginating ecto­
derm around the proctodeum. Vascular supply 
to the anal canal reflects its dual origin. Thus, the 
cranial part is supplied by the superior rectal 
artery from the inferior mesenteric artery, the 
artery of the hindgut, whereas the caudal part is 
supplied by the inferior rectal artery, a branch 
of the internal pudendal artery.

Problems to Solve
1. Prenatal ultrasound showed polyhydram- 

nios at 36 weeks, and at birth, the infant had 
excessive fluids in its mouth and difficulty 
breathing. What birth defect might cause 
these conditions?

2. Prenatal ultrasound at 20 weeks revealed a 
midline mass that appeared to contain intes- 
tines and was membrane-bound. What diag­
nosis would you make, and what would be 
the prognosis for this infant?

3. At birth, a baby girl has meconium in her 
vagina and no anal opening. What type of 
birth defect does she have, and what was its 
embryological origin?



unctionally, the urogenital system can 
be divided into two entirely diíferent 
components: the urinary system and 

the genital system. Embryologically and ana- 
tomically, however, they are intimately interwo- 
ven. Both develop from a common mesodermal 
ridge (intermedíate mesoderm) along the pos­
terior wall of the abdominal cavity, and initially, 
the excretory ducts of both systems enter a 
common cavity, the cloaca.

■  URINARY SYSTEM________________

Kídney Systems
Three slightly overlapping kidney systems are 
formed in a cranial-to-caudal sequence during 
intrauterine life in humans: the pronephros, 
mesonephros, and metanephros. The first of 
these systems is rudimentary and nonfunc- 
tional; the second may function for a short time

during the early fetal period; the third forms the 
permanent kidney.

Pronephros
At the beginning of the fourth week, the pro­
nephros is represented by 7 to 10 solid cell groups 
in the cervical región (Figs. 16.1 and 16.2). These 
groups form vestigial excretory units, nephro- 
tomes, that regress before more caudal ones are 
formed. By the end of the fourth week, all indica- 
tions of the pronephric system have disappeared.

Mesonephros
The mesonephros and mesonephric ducts are 
derived from intermedíate mesoderm from 
upper thoracic to upper lumbar (L3) segments 
(Fig. 16.2). Early in the fourth week of devel- 
opment, during regression of the pronephric 
system, the first excretory tubules of the meso­
nephros appear. They lengthen rapidly, form an 
S-shaped loop, and acquire a tuft of capillaries
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FIGURE 16.1 T ra n sve rsa  s e c tio n s  th ro u g h  e m b ry o s  a t  v a r io u s  s ta g e s  o f  d e v e lo p m e n t s h o w in g  fo rm a tio n  o f 
n e p h r ic  tu b u le s . A. 21 days. B. 25 days. N o te  fo rm a tio n  o f  e x te rn a l and  in te rn a l g lo m e ru li and  th e  o p e n  c o n - 
n e c tio n  b e tw e e n  th e  in tra e m b ry o n ic  c a v ity  and  th e  n e p h ric  tu b u le .
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FIGURE 16.2 A. R e la tio n s h ip  o f th e  in te rm e d ia te  m e s o d e rm  o f  th e  p ro n e p h ric , m e s o n e p h ric , and  m e ta n e p h ­
r ic  s ys te m s . In ce rv ica l a n d  u p p e r th o ra c ic  re g io n s , in te rm e d ia te  m e s o d e rm  is se g m e n te d ; in  lo w e r th o ra c ic , 
lu m b a r, a n d  sa cra l re g io n s , i t  fo rm s  a so lld , u n s e g m e n te d  m ass  o f  tissu e , th e  n e p h ro g e n ic  co rd . N o te  th e  
lo n g itu d in a l c o lle c tin g  d u c t, fo rm e d  in it ia lly  b y  th e  p ro n e p h ro s  b u t la te r  b y  th e  m e s o n e p h ro s  [m e s o n e p h r ic  
d u c t], B. E x c re to ry  tu b u le s  o f  th e  p ro n e p h r ic  and  m e s o n e p h ric  s y s te m s  in a 5 -w e e k  e m b ryo .

that will form a glomerulus at their medial 
extremity (Fig. 16.3A). Around the glomeru­
lus, the tubules form Bowman’s capsule, and 
together these structures constitute a renal cor- 
puscle. Laterally, the tubule enters the longitu­
dinal collecting duct known as the mesonephric 
or Wolffian duct (Figs. 16.2 and 16.3).

In the middle of the second month, the meso­
nephros forms a large ovoid organ on each side 
of the midline (Fig. 16.3). Because the develop- 
ing gonad is on its medial side, the ridge formed 
by both organs is known as the urogenital ri(^e 
(Fig. 16.3). While caudal tubules are still differenti- 
ating, cranial tubules and glomeruli show degener- 
ative changes, and by the end of the second month, 
the majority have disappeared. In the male, a few 
of the caudal tubules and the mesonephric duct 
persist and particípate in formation of the genital 
system, but they disappear in the female.

Metanephros: The Definitive Kidney
The third urinary organ, the metanephros or 
permanent kidney, appears in the fifth week. 
Its excretory units develop from metanephric 
mesoderm (Fig. 16.4) in the same manner as

in the mesonephric system. The development 
of the duct system differs from that of the other 
kidney systems.

Collecting System
Collecting ducts of the permanent kidney de­
velop from the ureteric bud, an outgrowth of 
the mesonephric duct cióse to its entrance to the 
cloaca (Fig. 16.4). The bud penetrales the meta­
nephric tissue, which is molded over its distal 
end as a cap (Fig. 16.4). Subsequently, the bud 
dilates, forming the primitive renal pelvis, and 
splits into cranial and caudal portions, the fu- 
ture major calyces (Fig. 16.5A,B).

Each calyx forms two new buds while pen- 
etrating the metanephric tissue. These buds con­
tinué to subdivide until 12 or more generations 
of tubules have formed (Fig. 16.5). Meanwhile, at 
the periphery, more tubules form until the end of 
the fifth month. The tubules of the second order 
enlarge and absorb those of the third and fourth 
generations, forming the minor calyces of the 
renal pelvis. During ñirther development, coUect- 
ing tubules of the fifth and successive generations 
elongate considerably and converge on the minor
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FIGURE 16.3 A. T ra n s v e rs a  s e c tio n  th ro u g h  th e  u ro g e n ita l r id g e  in  th e  lo w e r th o ra c ic  re g ió n  o f  a 5 -w e e k  
e m b ry o  s h o w in g  fo rm a t io n  o f  an e x c re to ry  tu b u le  o f  th e  m e s o n e p h r ic  s y s te m . N o te  th e  a p p e a ra n c e  o f 
B o w m a n ’s  c a p s u le  a n d  th e  g o n a d a l r id g e . T h e  m e s o n e p h ro s  and  g o n a d  a re  a tta c h e d  to  th e  p o s te r io r  
a b d o m in a l w a ll b y  a b ro a d  u ro g e n ita l m e s e n te ry . B. R e la tio n  o f  th e  g o n a d  a n d  th e  m e s o n e p h ro s . N o te  
th e  s ize  o f  th e  m e s o n e p h ro s . T he m e s o n e p h r ic  d u c t  [W o lff ia n  d u c t)  ru n s  a lo n g  th e  la te ra l s id e  o f  th e  
m e s o n e p h ro s .

FIGURE 16.4 R e la tio n  o f  th e  h in d g u t and 
c loaca  a t  th e  end  o f  th e  f i f th  w eek. T he u re - 
te r ic  b u d  p e n e tra le s  th e  m e ta n e p h r ic  m e so - 
d e rm  [b la s te m a ].

Hindgut Mesonephric Mesonephric 
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Urorectal 
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FIGURE 16.5 D e ve lo p m e n t o f  t l ie  re n a l pe lv is , ca lyces , and  c o lle c tin g  tu b u le s  o f th e  m e ta n e p h ro s . A. 6 w eeks. 
B. A t th e  end  o f  th e s ix th  w eek. C. 7 w eeks. D. N e w b o rn . N o te  th e  p y ra m id  fo rm  o f th e  c o lle c tin g  tu b u le s  e n te r-  
ing  th e  m in o r ca lyx .

calyx, forming the renal pyramid (Fig. 16.5D). 
The ureteric bud gives rise to the ureter, the 
renal pelvis, the major and minor calyces, and 
approximately 1 to 3 million collecting tubules.

Excretory System
Each newly formed collecting tubule is covered 
at its distal end by a metanephric tissue cap 
(Fig. I6 .6A). Under the inductive influence of the 
tubule, cells of the tissue cap form small vesicles, 
the renal vesicles, which in turn give rise to small 
S-shaped tubules (Fig. 16.65,C). Capillaries grow 
into the pocket at one end of the S and differentiate 
into glomeruli. These tubules, together with their 
glomeruli, form nephrons, or excretory units. The 
proximal end of each nephron forms Bowman’s 
capsule, which is deeply indented by a glomerulus 
(Fig. 16.6C,D). The distal end forms an open con- 
nection with one of the collecting tubules, estab- 
lishing a passageway from Bowman’s capsule to 
the collecting unit. Continuous lengthening of the 
excretory tubule results in formation of the proxi­
mal convoluted tubule, loop of Henle, and distal 
convoluted tubule (Fig. 16.6E,F). Henee, the kid- 
ney develops from two sources: (1) metanephric 
mesoderm, which provides excretory units, and
(2) the ureteric bud, which gives rise to the col­
lecting system.

Nephrons are formed until birth, at which 
time there are approximately 1 million in each 
kidney. Uriñe production begins early in ges- 
tation, soon after differentiation of the glo- 
merular capillaries, which start to form by the 
lOth week. At birth, the kidneys have a lobulated 
appearance, but the lobulation disappears dur- 
ing infancy as a result of further growth of the

nephrons, although there is no increase in their 
number.

Molecular Regulation of 
Kidney Development
As with most organs, differentiation of the kid- 
ney involves epithelial mesenchymal interac- 
tions. In this example, epithelium of the ureteric 
bud from the mesonephros interacts with mesen- 
chyme of the metanephric blastema (Fig. 16.7). 
The mesenchyme expresses W Tl, a transcrip- 
tion factor that makes this tissue competent to 
respond to induction by the ureteric bud. WTl 
also regulates production of GLIAL-DERIVED 
NEUROTROPHIC FACTOR (GDNF) and 
HEPATOCYTE GROWTH FACTOR (HGF, 
or SCATTER FACTOR) by the mesenchyme, 
and these proteins strmulate branching and 
growth of the ureteric buds (Fig. 16.7A). The tyro- 
sine kinase receptors RET, for GDNF, and MET, 
for HGF, are synthesized by the epithelium of the 
ureteric buds, establishing signaling pathways 
between the two tissues. In turn, the buds induce 
the mesenchyme via FIBROBLAST GROWTH 
FACTOR 2 (FGF2) and BONE MORPHO- 
GENETIC PROTEIN 7 (BMP7) (Fig. 16.7A). 
Both of these growth factors block apoptosis and 
strmulate proliferation in the metanephric mes­
enchyme while maintaining production of W Tl. 
Conversión of the mesenchyme to an epithelium 
for nephron formation is also mediated by the 
ureteric buds through expression of WNT9B and 
WNT6, which upregulate PAX2 and WNT4 in 
the metanephric mesenchyme. PAX2 promotes 
condensation of the mesenchyme preparatory 
to tubule formation, whereas WNT4 causes the
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FIGURE 16.6 A-F. D e v e lo p m e n t o f a m e ta n e p h r ic  e x c re to ry  u n it. Arrows, th e  p lace  w h e re  th e  e x c re to ry  u n it 
[blue] e s ta b lis h e s  an o p e n  c o m m u n ic a tio n  w ith  th e  c o lle c tin g  s y s te m  [yellow], a llo w in g  f lo w  o f  u riñ e  fro m  
th e  g lo m e ru lu s  in to  th e  c o lle c tin g  du c ts .
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FIGURE 16.7 G enes in v o lv e d  in d if fe re n t ia t io n  o f  th e  k idney. A. WTI, e xp re sse d  b y  th e  m e se n ch ym e , e n a b le s  
th is  tis s u e  to  re s p o n d  to  in d u c tio n  b y  th e  u re te r ic  bud . G lia l-d e rive d  n e u ro tro p h ic  fa c to r  [GDNF) and  h e p a to - 
c y te  g ro w th  fa c to r  [HGF], a iso  p ro d u c e d  b y  th e  m e se n ch ym e , in te ra c t th ro u g h  th e ir  re c e p to rs , RET and  MET, 
re s p e c tiv e ly , in th e  u re te r ic  b u d  e p ith e liu m , to  s t im u la te  g ro w th  o f  th e  bud  and  m a in ta in  th e  in te ra c tio n s . 
T he g ro w th  fa c to rs  f ib ro b la s t  g ro w th  fa c to r  2 (FGF2] a n d  b one  m o rp h o g e n e tic  p ro te in  7 [BMP7] s t im u la te  
p ro life ra tio n  o f  th e  m e s e n c h y m e  a n d  m a in ta in  WTI e xp re ss io n . B. W N T9B and  W N T6 s e c re te d  b y  b ra n ch e s  o f 
th e  u re te r ic  bud  e p ith e liu m  ca u se  u p re g u la tio n  o f PAX2 a n d  WNT4 in  th e  s u rro u n d in g  m e se n ch ym e . In tu rn , 
th e s e  g e n e s  cau se  th e  m e s e n c h y m e  to  e p ith e lia liz e  [PAX2] a n d  to  th e n  fo rm  tu b u le s  [WNT4]. C hanges in th e  
e x tra c e llu la r  m a tr ix  a iso  o ccu r, su ch  th a t  la m in in  and  ty p e  IV c o lla g e n  fo rm  a b a s e m e n t m e m b ra n e  [oronge] 
f o r t h e  e p ith e lia l ce lls .
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condensed mesenchyme to epithelialize and form 
tubules (Fig. 16.7B). Because of these interac- 
tions, modifications in the extracellular matrix 
also occur. Thus, fibronectin, collagen I, and col- 
lagen III are replaced with laminin and type IV

collagen, characteristic of an epithelial basal 
lamina (Fig. 16.7B). In addition, the cell adhesión 
molecules syndecan and E-cadherin, which are 
essential for condensation of the mesenchyme 
into an epithelium, are synthesized.

Clinical Correlates

Renal Tumors and Defects 
Wilms tumor is  a c á n c e r  o f  th e  k id n e y s  t h a t  
u s u a lly  a f fe c ts  c h i ld re n  b y  5  y e a rs  o f  a g e  b u t  
m a y  a ls o  o c c u r  in  th e  fe tu s .  W ilm s  t u m o r  is 
d u e  t o  m u ta t io n s  in  th e  WT1 g e n e  o n  11p13, 
a n d  i t  m a y  b e  a s s o c ia te d  w it h  o th e r  a b n o r -  
m a li t ie s  a n d  s y n d ro m e s .  F o r e x a m p le ,  WAGR 
syndrome is  c h a ra c te r iz e d  b y  W ilm s  tu m o r ,  
a n ir id ia ,  g o n a d o b la s to m a s  ( tu m o rs  o f  th e  
g o n a d s ) , a n d  m e n ta l r e ta r d a t io n  ( in te l le c tu a l 
d is a b i l i ty ) .  T h e  c o n s te l la t io n  o f  d e fe c ts  is  d u e  
t o  a m ic ro d e le t io n  in  c h ro m o s o m e  11 t h a t  in -  
c lu d e s  b o th  th e  PAX6 (a n ir id ia ]  a n d  WTI g e n e s  
t h a t  a re  o n iy  7 0 0  kb  a p a r t .  S im ila r ly ,  Denys- 
Drash syndrome c o n s is ts  o f  re n a l fa i lu re ,  
a m b ig u o u s  g e n ita l ia ,  a n d  W ilm s  tu m o r .

Renal dysplasias a n d  agenesis a re  a s p e c -  
t r u m  o f  s e v e re  m a lfo rm a t io n s  t h a t  re p re s e n t th e  
p r im a ry  d is e a s e s  re q u ir in g  d ia ly s is  a n d  t r a n s -  
p la n ta t io n  in  th e  f i r s t  y e a rs  o f  life . Multicystic 
dysplastic kidney is  o n e  e x a m p le  o f  th is  g ro u p  
o f  a b n o rm a li t ie s  in  w h ic h  n u m e ro u s  d u c ts  a re  
s u r ro u n d e d  b y  u n d if fe re n t ia te d  c e lls . N e p h ro n s  
fa il t o  d e v e lo p , a n d  th e  u re te r ic  b u d  fa i ls  to  
b ra n c h , s o  t h a t  th e  c o lle c t in g  d u c ts  n e v e r  fo rm . 
In s o m e  ca s e s , th e s e  d e fe c ts  c a u s e  in v o lu t io n  
o f  th e  k id n e y s  a n d  renal agenesis. R e n a l a g e n ­
e s is  m a y  a ls o  a r is e  i f  th e  in te ra c t io n  b e tw e e n  
th e  m e ta n e p h r ic  m e s o d e rm  a n d  th e  u re te r ic  
b u d  fa i ls  t o  o c c u r. N o rm a lly ,  d u r in g  th e  in te ra c ­
t io n ,  GDNF p ro d u c e d  b y  th e  m e ta n e p h r ic  m e ­
s o d e rm  p ro d u c e s  b ra n c h in g  a n d  g r o w th  o f  th e  
u re te r ic  b u d . T h u s , m u ta t io n s  in  g e n e s  t h a t  re g ­
ú la te  GDNF e x p re s s io n  o f  s ig n a lin g  m a y  re s u lt  
in  re n a l a g e n e s is . E x a m p le s  in c lu d e  th e  g e n e  
SALL1, re s p o n s ib le  fo r  T o w n e s -B ro c k  s y n d ro m e ; 
PAX2 t h a t  c a u s e s  re n a l c o lo b o m a  s y n d ro m e ; 
a n d  EYA1 t h a t  re s u lts  in  b ra n c h io o to re n a l s y n ­
d ro m e . B ila te ra l re n a l a g e n e s is , w h ic h  o c c u rs  
in  1 /1 0 ,0 0 0  b ir th s ,  re s u lts  in  re n a l fa i lu re . T h e  
b a b y  p re s e n ts  w ith  Potter sequence, c h a ra c ­
te r iz e d  b y  a n u r ia , o l ig o h y d ra m n io s  (d e c re a s e d  
v o lu m e  o f  a m n io t ic  f lu id ) ,  a n d  h y p o p la s t ic  lu n g s  
s e c o n d a ry  t o  th e  o lig o h y d ra m n io s .  In 8 5 %  o f 
ca se s , o th e r  s e v e re  d e fe c ts , in c lu d in g  a b s e n c e

L

o r  a b n o rm a li t ie s  o f  t h e  v a g in a  a n d  u te ru s , v a s  
d e fe re n s , a n d  s e m in a l v e s ic le s , a c c o m p a n y  th is  
c o n d it io n .  C o m m o n  a s s o c ia te d  d e fe c ts  in  o th e r  
s y s te m s  in c lu d e  c a rd ia c  a n o m a lie s , t ra c h e a l a n d  
d u o d e n a l a tre s ia s , c le f t  lip  a n d  p a la te , a n d  b ra in  
a b n o rm a lit ie s .  B e ca u se  o f  th e  o l ig o h y d ra m n io s ,  
th e  u te r in e  c a v ity  is  c o m p re s s e d  re s u lt in g  in  a 
c h a ra c te r is t ic  a p p e a ra n c e  o f  th e  fe tu s ,  in c lu d ­
in g  a f la t te n e d  fa c e  (P o tte r  fa c ie s ) a n d  c lu b  fe e t.

In congenítal polycystic kidney disease 
(F ig. 16 .8 ], n u m e ro u s  c y s ts  fo rm . I t  m a y  b e  in -  
h e r ite d  a s  a n  a u to s o m a l re c e s s iv e  o r  a u to s o m a l 
d o m in a n t  d is o rd e r  o r  m a y  be  c a u s e d  b y  o th e r  
fa c to rs .  Autosomal recessive polycystic kid­
ney disease (ARPKD), w h ic h  o c c u rs  in  1 /5 ,0 0 0  
b ir th s ,  is  a P ro g re s s iv e  d is o rd e r  in  w h ic h  c y s ts  
fo rm  f ro m  c o lle c t in g  d u c ts . T h e  k id n e y s  b e c o m e  
v e ry  la rg e , a n d  re n a l fa i lu re  o c c u rs  in  in fa n c y  o r  
c h ild h o o d . In autosomal dominant polycystic 
kidney disease (ADPKD), c y s ts  fo rm  f ro m  a ll 
s e g m e n ts  o f  th e  n e p h ro n  a n d  u s u a lly  d o  n o t  
c a u s e  re n a l fa i lu re  u n t i l  a d u lth o o d . T h e  a u to s o ­
m a l d o m in a n t  d is e a s e  is  m o re  c o m m o n  (1 /5 0 0  
to  1 /1 ,0 0 0  births] b u t  le ss  Progressive th a n  th e  
a u to s o m a l recessive disease. B o th  ty p e s  o f  
d is e a s e  a re  lin k e d  t o  m u ta t io n s  in  g e n e s  t h a t  
e n c o d e  p ro te in s  lo c a liz e d  in  c ilia  a n d  t h a t  a re  
im p o r ta n t  fo r  c i l ia ry  fu n c t io n .  T h e s e  a b n o r ­
m a lit ie s  b e lo n g  to  a  g ro w in g  g ro u p  o f  d is e a s e s  
c a lle d  th e  ciliopathies t h a t  a re  d u e  to  m u ta t io n s

FIGURE 16.8 S urface v ie w  o f a fe ta l k idney w ith  m ú l­
tip le  cysts  ch a rac te ris tic  o f  po lycys tic  k idney disease.

(continued)
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in  c i l ia - re la te d  p ro te in s . T h e s e  d is o rd e rs  in c lu d e  
Bardet-BiedI syndrome, c h a ra c te r iz e d  b y  re n a l 
c y s ts , o b e s ity ,  in te lle c tu a l d is a b ili ty ,  a n d  lim b  
d e fe c ts , a n d  Meckel-Gruber syndrome, c h a ra c ­
te r iz e d  b y  re n a l c y s ts , h y d ro c e p h a lu s , m ic ro p h -  
th a lm ia ,  c le f t  p a la te , a b s e n c e  o f  th e  o lfa c to ry  
t r a c t ,  a n d  p o ly d a c ty ly .  B e c a u s e  c ilia  a re  p re s e n t 
o n  m o s t  c e ll ty p e s  a n d  in  m o s t  t is s u e s , m a n y  
o rg a n  s y s te m s  c a n  b e  a f fe c te d  b y  a b n o rm a li-  
t ie s  in  c i l ia ry  s t ru c tu re  a n d  fu n c t io n .

D u p líc a tio n  o f  th e  u re te r  re s u lts  f ro m  e a r ly  
s p i it t in g  o f  th e  u re te r ic  b u d  (F ig . 16.9). S p iit t in g  
m a y  b e  p a r t ia l o r  c o m p le te , a n d  m e ta n e p h r ic

t is s u e  m a y  be  d iv id e d  in to  tw o  p a rts , e a c h  w ith  
its  o w n  re n a l p e lv is  a n d  u re te r .  M o re  fre q u e n t ly ,  
h o w e v e r , th e  tw o  p a r ts  h a v e  a  n u m b e r  o f  lo b e s  
in  c o m m o n  a s  a re s u lt  o f  in te rm in g lin g  o f  c o lle c t-  
in g  tu b u le s . In ra re  ca se s , o n e  u re te r  o p e n s  in to  
th e  b la d d e r, a n d  th e  o th e r  is  e c to p ic ,  e n te r in g  
th e  v a g in a , u re th ra ,  o r  v e s t ib u le  (F ig. 16.9C). T h is  
a b n o rm a li ty  re s u lts  f r o m  d e v e lo p m e n t o f  tw o  
u re te r ic  bucis. O ne  o f  th e  b u d s  u s u a lly  h a s  a n o r ­
m a l p o s it io n , w h e re a s  th e  a b n o rm a l b u d  m o v e s  
d o w n  to g e th e r  w ith  th e  m e s o n e p h r ic  d u c t. T h u s , 
i t  h a s  a lo w , a b n o rm a l e n tra n c e  in  th e  b la d d e r, 
u re th ra ,  v a g in a , o r  e p id id y m a l re g ió n .

Normal ureter

FIGURE 16.9 A,B- A  c o m p le te  a n d  a p a rtia l d o u b le  u re te r. C. P o ss ib le  s ite s  o f  e c to p ic  u re te ra l o p e n in g s  
in th e  va g in a , u re th ra , and  ve s tib u le . D,E. P h o to m ic ro g ra p h s  o f  c o m p le te  and  p a rtia l d u p lic a tio n s  o f  th e  
u re te rs  [U]. Arrows, d u p lic a te d  h ilu m ; 6 , b la d d e r; K. k idneys ; ML, m e d ia n  u m b ilic a l lig a m e n t.
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mesonephros

Metanephros

Allantois
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- Rectum

Metanephric
tissue

Ureter
Urogenital sinus

FIGURE 16.10 A-C. A s c e n t o f  th e  k idneys . N o te  th e  ch a n g e  in p o s it lo n  b e tw e e n  th e  m e s o n e p h ric  and  m e ta ­
n e p h r ic  s ys te m s . T he m e s o n e p h ric  s y s te m  d e g e n e ra te s  a lm o s t e n tire ly , and  o n iy  a fe w  re m n a n ts  p e rs is t in 
c ió se  c o n ta c t w ith  th e  g o n a d . In b o th  m a le  and  fe m a le  e m b ry o s , th e  g o n a d s  d e sce n d  fro m  th e ir  o rig in a l leve l 
to  a m u c h  lo w e r p o s itlo n .

Position of the Kídney
The kidney, initially in the pelvic región, later 
shifts to a more cranial position in the abdo­
men. This ascent of the kidney is caused by 
diminution of body curvature and by growth 
of the body in the lumbar and sacral regions 
(Fig. 16.10). In the pelvis, the metanephros 
receives its arterial supply from a pelvic branch 
of the aorta. During its ascent to the abdominal 
level, it is vascularized by arteries that origínate 
from the aorta at continuously higher levels. 
The lower vessels usually degenerate, but some 
may remain.

Function of the Kidney
The definitive kidney formed from the metaneph­
ros becomes functional near the 12th week. Uriñe 
is passed into the amniotic cavity and mixes with 
the amniotic fluid. The fluid is swallowed by the 
fetus and recycles through the kidneys. During

fetal life, the kidneys are not responsible for ex- 
cretion of waste producís because the placenta 
serves this function.

Bladder and Urethra
During the fourth to seventh weeks of devel- 
opment, the cloaca divides into the urogenital 
sinus anteriorly and the anal canal posteri- 
orly (Fig. 16.12) (see Chapter 15, p. 247). The 
urorectal septum is a layer of mesoderm be­
tween the primitive anal canal and the urogeni­
tal sinus. The tip of the septum will form the 
perineal body, a site of insertion of several 
perineal muscles (Fig. 16.12C). Three portions 
of the urogenital sinus can be distinguished; the 
upper and largest part is the urinary bladder 
(Fig. 16.13A). Initially, the bladder is continu- 
ous with the allantois, but when the lumen 
of the allantois is obliterated, a thick flbrous 
cord, the urachus (Fig. 16.135), remains and

Clinicat Correlates

Abnormal Location of the Kidneys
D u r in g  th e ir  a s c e n t,  th e  k id n e y s  p a s s  th ro u g h  
th e  a r te r ia l fo r k  fo rm e d  b y  th e  u m b il ic a l a r te r ­
ie s , b u t  o c c a s io n a lly ,  o n e  o f  th e m  fa i ls  t o  d o  
so . R e m a in in g  in  th e  p e lv is  c ió s e  t o  th e  c o m -  
m o n  i l ia c  a r te ry ,  i t  is  k n o w n  a s  a pelvic kidney 
(F ig . 16.11-4). S o m e tim e s , th e  k id n e y s  a re  p u s h e d  
so  c ió s e  to g e th e r  d u r in g  t h e i r  p a s s a g e  th ro u g h  
th e  a r te r ia l fo rk ,  t h a t  th e  lo w e r  p o le s  fu s e , 
fo rm in g  a  horseshoe kidney [F ig . 16.116,C]. T h e  
h o rs e s h o e  k id n e y  is  u s u a l ly  a t  th e  le v e l o f  th e  
lo w e r  lu m b a r  v e r te b ra e  b e c a u s e  its  a s c e n t is

p re v e n te d  b y  th e  r o o t  o f  th e  in fe r io r  m e s e n te r ic  
a r te r y  (F ig . 16.11S]. T h e  u re te r s  a r is e  f r o m  th e  
a n te r io r  s u r fa c e  o f  th e  k id n e y  a n d  p a s s  v e n tra l 
t o  th e  is th m u s  in  a  c a u d a l d ire c t io n .  H o rs e s h o e  
k id n e y  is  fo u n d  in  1 /6 0 0  p e o p le .

Accessory renal arteries a re  c o m m o n ; th e y  
d e r iv e  f ro m  th e  p e rs is te n c e  o f  e m b ry o n ic  v e s ­
se ls  t h a t  fo rm e d  d u r in g  a s c e n t o f  th e  k id n e ys . 
T h e se  a r te r ie s  u s u a lly  a r is e  f ro m  th e  a o r ta  a n d  
e n te r  th e  s u p e r io r  o r  in fe r io r  p o le s  o f  th e  k id n e ys .

[continued]
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FIGURE 16.11 A. U n ila te ra l p e lv ic  k id n e y  s h o w - 
ing  th e  p o s itio n  o f  th e  a d re n a l g la n d  on th e  a f-  
fe c te d  s ide . B,C. D ra w in g  a n d  p h o to m ic ro g ra p h , 
re s p e c tiv e ly , o f  h o rse sh o e  k id n e ys  s h o w in g  th e  
p o s it io n  o f  th e  in fe r io r  m e s e n te r ic  a rte ry .

connects the apex of the bladder with the um- 
bihcus (Fig. 16.13B). In the adult, it forms the 
median umbilical ligament. The next part is 
a rather narrow canal, the pelvic part of the 
urogenital sinus, which in the male gives rise 
to the prostatic and membranous parts of the 
urethra. The last part is the phallic part of the 
urogenital sinus. It is flattened from side to side, 
and as the genital tubercle grows, this part of 
the sinus will be pulled ventrally (Fig. 16.I3A). 
(Development of the phallic part of the urogeni­
tal sinus differs greatly between the two sexes.)

During differentiation of the cloaca, the 
caudal portions of the mesonephric ducts are 
absorbed into the wall of the urinary bladder 
(Fig. 16.14). Consequently, the ureters, initially 
outgrowths from the mesonephric ducts, enter 
the bladder separately (Fig. 16.14B). As a result 
of ascent of the kidneys, the orifices of the ureters 
move farther cranially; those of the mesonephric 
ducts move cióse together to enter the prostatic 
urethra and in the male become the ejacula- 
tory ducts (Fig. 16.14C,D). Because both the 
mesonephric ducts and ureters origínate in the
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FIGURE 16.12 D iv is io n s  o f  th e  c loaca  in to  th e  u ro g e n ita l s in u s  a n d  a n o re c ta l ca na l. The  m e s o n e p h ric  d u c t 
is  g ra d u a lly  a b s o rb e d  in to  th e  w a ll o f th e  u ro g e n ita l s inus , and  th e  u re te rs  e n te r  se p a ra te ly . A. A t th e  end  o f 
th e  f i f th  w eek . B. 7 w eeks. C. 8 w eeks.
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FIGURE 16.13 A. D e v e lo p m e n t o f th e  u ro g e n ita l s in u s  in to  th e  u r in a ry  b la d d e r a n d  d e fin it iv e  u ro g e n ita l 
s inus . B. In th e  m a le , th e  d e fin it iv e  u ro g e n ita l s in u s  d e v e lo p s  in to  th e  p e n ile  u re th ra . T he  p ro s ta te  g la n d  is 
fo rm e d  b y  b u d s  fro m  th e  u re th ra , and  se m in a l ve s ic le s  a re  fo rm e d  b y  b u d d in g  fro m  th e  d u c tu s  de fe re n s .

Posterior wall of the

FIGURE 16.14 D orsa l v ie w s  o f  th e  b la d d e r s h o w in g  th e  re la tio n  o f  th e  u re te rs  and  m e s o n e p h ric  d u c ts  d u rin g  
d e v e lo p m e n t. In it ia lly , th e  u re te rs  a re  fo rm e d  b y  an  o u tg ro w th  o f  th e  m e s o n e p h ric  d u c t (A), b u t w ith  t im e , 
th e y  a ssu m e  a s e p a ra te  e n tra n c e  in to  th e  u r in a ry  b la d d e r (B-D). N o te  th e  tr ig o n e  o f  th e  b la d d e r fo rm e d  by 
in c o rp o ra tio n  o f  th e  m e s o n e p h ric  d u c ts  (C,D).
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mesoderm, the mucosa of the bladder formed 
by incorporation of the ducts (the trigone of the 
bladder) is also mesodermal. With time, the me- 
sodermal hning of the trigone is replaced by en- 
dodermal epithehum, so that finally, the inside 
of the bladder is completely lined with endoder- 
mal epithelium.

The epithelium of the urethra in both sexes 
originates in the endoderm; the surrounding

connective and smooth musde tissue is de- 
rived from visceral mesoderm. At the end of 
the third month, epithelium of the prostatic 
urethra begins to proliferate and forms a num- 
ber of outgrowths that penetrate the surround­
ing mesenchyme. In the male, these buds form 
the prostate gland (Fig. 16.13B). In the female, 
the cranial part of the urethra gives rise to the 
urethral and paraurethral glands.

Cfinical Correlates

Bladder Defects
W h e n  th e  lu m e n  o f  th e  in t r a e m b r y o n ic  p o r -  
t io n  o f  th e  a l la n to ís  p e rs is ts ,  a  urachal fístula 
m a y  c a u s e  u r iñ e  to  d ra in  f r o m  th e  u m b il ic u s  
(F ig . 16.15A ]. I f  o n iy  a  lo c a l a re a  o f  th e  a l-  
la n to is  p e rs is ts ,  s e c re to ry  a c t iv i t y  o f  i t s  l in -  
in g  re s u lts  in  a  c y s t ic  d i la t io n ,  a  urachal cyst 
(F ig . 16 .158 ]. W h e n  th e  lu m e n  in  th e  u p p e r  p a r t  
p e rs is ts ,  i t  fo rm s  a urachal sinus. T h is  s in u s  
is  u s u a lly  c o n t in u o u s  w ith  th e  u r in a ry  b la d d e r  
(F ig .1 6 .1 5 C ].

Exstrophy of the bladder (F ig . 1 6 .164 ] is  
a v e n t r a l  b o d y  w a ll  d e fe c t  in  w h ic h  th e  b la d ­
d e r  m u c o s a  is  e x p o s e d . E p is p a d ia s  is  a c o n -  
s ta n t  fe a tu r e  (F ig . 1 6 .3 4 ], a n d  th e  o p e n  u r in a ry  
t r a c t  e x te n d s  a lo n g  th e  d o rs a l a s p e c t  o f  th e  
p e n is  th r o u g h  th e  b la d d e r  t o  th e  u m b il ic u s .  
E x s tro p h y  o f  th e  b la d d e r  is  p ro b a b ly  d u e  to

fa i lu r e  o f  th e  la te ra l b o d y  w a ll  f o ld s  to  c ió s e  
in  th e  m id l in e  in  th e  p e lv ic  re g ió n  (se e  C h a p te r  
7, p. 9 9 ] .  T h is  a n o m a ly  is  ra re , o c c u r r in g  in  
2 /1 0 ,0 0 0  l iv e  b ir th s .

Exstrophy of the cloaca [F ig . 1 6 .166 ] is  a 
m o re  s e v e re  v e n t r a l  b o d y  w a ll  d e fe c t  in  w h ic h  
p ro g re s s io n  a n d  c lo s u re  o f  th e  la te ra l b o d y  
w a ll  fo ld s  a re  d is ru p te d  t o  a  g r e a te r  d e g re e  
th a n  is o b s e rv e d  in  b la d d e r  e x s t r o p h y  (see  
C h a p te r  7, p. 9 9 ] .  In  a d d it io n  t o  th e  c lo s u re  
d e fe c t ,  n o rm a l d e v e lo p m e n t  o f  th e  u ro re c ta l 
s e p tu m  is a lte re d ,  s u c h  t h a t  a n a l c a n a l m a l-  
fo r m a t io n s  a n d  im p e r fo r a te  a n u s  o c c u r  (see  
C h a p te r  15, p. 2 4 7 ]. F u r th e rm o re ,  b e c a u s e  th e  
b o d y  fo ld s  d o  n o t  fu s e , th e  g e n ita l  s w e il in g s  
a re  w id e ly  s p a c e d  re s u lt in g  in  d e fe c ts  in  th e  
e x te rn a l g e n ita l ia  (F ig . 16.16B ]. O c c u r re n c e  o f  
t h e  d e fe c t  is  ra re  (1 /3 0 ,0 0 0 ] .

FIGURE 16.15 A. U racha l f is tu la . B. U racha l cys t. C. U racha l s inus . The s in u s  m a y  o r  m a y  n o t be in  o pen  
c o m m u n ic a tlo n  w ith  th e  u r in a ry  b ladde r.
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FIGURE 16.16 A. E x s tro p h y  o f  th e  b la d d e r. B. C loaca l e x s tro p h y  In a n e w b o rn .

GENITAL SYSTEM

Sex diíferentiation is a complexprocess that involves 
many genes, including some that are autosomal. 
The key to sexual dimorphism is the Y chromo- 
some, which contains the testis-determining gene 
called the SRY (sex-determíning región on Y) 
gene on its short arm (Ypl 1). The protein product 
of this gene is a transcription factor initiating a cas- 
cade of downstream genes that determine the fate 
of mdimentary sexual organs. The SRY protein is 
the testís-determining factor; under its influence, 
male development occurs; in its absence, female 
development is established.

Gonads
Although the sex of the embryo is determined ge- 
neticaUy at the time of fertilization, the gonads do

not acquire male or female morphological char- 
acteristics un til the seventh week of development.

Gonads appear initially as a pair of longi­
tudinal ridges, the genital or gonadal ridges 
(Fig. 16.17). They are formed by proliferation 
of the epithelium and a condensation of un- 
derlying mesenchyme. Germ cells do not ap­
pear in the genital ridges until the sixth week of 
development.

Primordial germ cells origínate in the epi- 
blast, migrate through the primitive streak, and 
by the third week reside among endoderm cells 
in the wall of the yolk sac cióse to the allantois 
(Fig. 16.18A). During the fourth week, they mi- 
grate by ameboid movement along the dorsal 
mesentery of the hindgut (Fig. 16.18A,B), arriv- 
ing at the primitive gonads at the beginning of 
the fifth week and invading the genital ridges in

Mesonephros

Intestinal 
loop

Mesonephric 
duct

Aorta

Gonad

Excretory tube 
Glomerulus \  Mesonephric 

duct

Dorsal
mesentery

B

Genital
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Mesonephric
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FIGURE 16.17 A. R e la tio n  o f  th e  g e n ita l r id g e  a n d  th e  m e s o n e p h ro s  s h o w in g  lo c a tio n  o f  th e  m e s o n e p h ric  
d u c t. B. T ra n sve rse  s e c tio n  th ro u g h  th e  m e s o n e p h ro s  a n d  g e n ita l r id g e  a t th e  leve l in d ic a te d  in (A).
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FIGURE 16.18 A. A  3 -w e e k  e m b ry o  s h o w in g  th e  p r im o rd ia l g e rm  c e lls  in th e  w a ll o f  th e  y o lk  sac c ió se  to  th e  
a tta c h m e n t o f  th e  a lla n to is . B. M ig ra tio n a l p a th  o f  th e  p r im o rd ia l g e rm  ce lls  a lo n g  th e  w a ll o f  th e  h in d g u t and  
th e  d o rsa l m e s e n te ry  in to  th e  g e n ita l ridge.

the sixth week. If they fail to reach the ridges, the 
gonads do not develop. Henee, the primordial 
germ cells have an inductive influence on devel- 
opment of the gonad into ovary or testis.

Shortly before and during arrival of primor­
dial germ ceUs, the epithelium of the genital ridge 
proliferates, and epithelial cells penetrate the 
underlying mesenchyme. Here they form a num- 
ber of irregularly shaped cords, the primitive 
sex cords (Fig. 16.19). In both male and female 
embryos, these cords are connected to surface 
epithelium, and it is impossible to difFerentiate 
between the male and female gonad. Henee, the 
gonad is known as the indifferent gonad.

Testis
If the embryo is genetically male, the primordial 
germ ceUs carry an XY sex chromosome complex. 
Under influence of the Si? Y” gene on the Y chromo­
some, which encodes the testis-determining factor, 
the primitive sex cords continué to proliferate and 
penetrate deep into the meduUa to form the testis

or medullary cords (Figs. 16.20A and 16.21). 
Toward the hilum of the gland, the cords break up 
into a network of tiny ceU strands that later give 
rise to tubules of the rete testis (Fig. 16.20A,5). 
During fiirther development, a dense layer of ñ- 
brous connective tissue, the túnica albuginea, 
separates the testis cords from the surface epithe­
lium (Fig. 16.20).

In the fourth month, the testis cords become 
horseshoe-shaped, and their extremities are con- 
tinuous with those of the rete testis (Fig. 16.20B). 
Testis cords are now composed of primitive 
germ cells and sustentacular cells of Sertoli de- 
rived from the surface epithelium of the gland.

Interstitial cells of Leydig, derived from the 
original mesenchyme of the gonadal ridge, lie be­
tween the testis cords. They begin development 
shortly after onset of differentiation of these 
cords. By the eighth week of gestation, Leydig 
cells begin production of testosterone and the 
testis is able to influence sexual differentiation of 
the genital ducts and external genitalia.

FIGURE 16.19 T ra n sve rse  s e c tio n  th ro u g h  
th e  lu m b a r re g ió n  o f  a 6 -w e e k  e m b ry o  s h o w ­
ing  th e  in d if fe re n t  g o n a d  w ith  th e  p r im it iv e  
se x  co rd s . S o m e  o f  th e  p r im o rd ia l g e rm  ce lls  
a re  s u rro u n d e d  b y  ce lls  o f  th e  p r im it iv e  se x  
co rds .
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FIGURE 16.20 A. T ra n sve rse  s e c tio n  th ro u g h  th e  te s t is  in th e  e ig h th  w eek , sh o w in g  th e  tú n ic a  a lb u g in e a , 
te s t is  co rd s , re te  te s tis , and  p r im o rd ia l g e rm  ce lls . T he  g lo m e ru lu s  and  B o w m a n ’s  c a p s u le  o f  th e  m e s o n e p h ­
r ic  e x c re to ry  tu b u le  a re  d e g e n e ra tin g . B. T e s tis  a n d  g e n ita l d u c t  in th e  fo u r th  m o n th . T he h o rs e s h o e -s h a p e d  
te s t is  c o rd s  a re  c o n tin u o u s  w ith  th e  re te  te s t is  co rd s . N o te  th e  d u c tu li e ffe re n te s  [e x c re to ry  m e s o n e p h ric  
tu b u le s ], w h ic h  e n te r  th e  m e s o n e p h ric  d u c t.

Testis cords remain solid until puberty, when 
they acquire a lumen, thus forming the seminif- 
erous tubules. Once the seminiferous tubules 
are canalized, they join the rete testis tubules, 
which in turn enter the ductuli efferentes. These 
eíferent ductules are the remaining parts of the 
excretory tubules of the mesonephric system. 
They link the rete testis and the mesonephric 
or Wolffian duct, which becomes the ductus 
deferens (Fig. 16.20B).

Ovary
In female embryos with an XX sex chromosome 
complement and no Y chromosome, primitive 
sex cords dissociate into irregular cell clusters 
(Figs. 16.21 and 16.22A). These clusters, contain- 
ing groups of primitive germ cells, occupy the 
medullary part of the ovary. Later, they disappear

and are replaced by a vascular stroma that forms 
the ovarían meduUa (Fig. 16.22).

The surface epithelium of the female gonad, 
unlike that of the male, continúes to proliferate. 
In the seventh week, it gives rise to a second gen- 
eration of cords, cortical cords, which penetrate 
the underlying mesenchyme but remain cióse 
to the surface (Fig. 16.22A). In the third month, 
these cords split into isolated cell clusters. Cells 
in these clusters continué to proliferate and begin 
to surround each oogonium with a layer of epi- 
thelial cells called follicular cells. Together, the 
oogonia and follicular cells constitute a primor­
dial follicle (Fig. 16.22B; see Chapter 2, p. 26).

It may thus be stated that the genetic sex of an 
embryo is determined at the time of fertilization, 
depending on whether the spermatocyte carries 
an X  or a Y chromosome. In embryos with an
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FIGURE 16.21 In flu e n c e  o f p r im o rd ia l g e rm  ce lls  on in d if fe re n t  gonad .
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FIGURE 16.22 A. T ra n sve rse  s e c tio n  o f  th e  o v a ry  a t  th e  s e v e n th  w eek , s h o w in g  d e g e n e ra tio n  o f th e  p r im i-  
t iv e  [m e d u lla ry ] se x  co rd s  and  fo rm a tio n  o f  th e  c o rt ic a l co rd s . B. O vary  a n d  g e n ita l d u c ts  in  th e  f i f th  m o n th . 
N o te  d e g e n e ra tio n  o f th e  m e d u lla ry  co rds . T he  e x c re to ry  m e s o n e p h ric  tu b u le s  (e ffe re n t d u c tu le s ] do  n o t 
c o m m u n ic a te  w ith  th e  re te . The c o rt ic a l zo n e  o f th e  o v a ry  c o n ta in s  g ro u p s  o f o o g o n ia  s u rro u n d e d  b y  fo l ­
lic u la r  ce lls .

XX sex chromosome configuration, medullary 
cords of the gonad regress, and a secondary gen- 
eration of cortical cords develops (Figs. 16.21 
and 16.22). In embryos with an XY sex chromo- 
some complex, medullary cords develop into 
testis cords, and secondary cortical cords fail to 
develop (Figs. 16.20 and 16.21).

Genital Ducts 
Ind ifferent Stage
Initially, both male and female embryos have two 
pairs of genital ducts: mesonephric (Wolffian) 
ducts and paramesonephric (Müllerian) ducts.
The paramesonephric duct arises as a longitudi­
nal invagination of the epithelium on the antero- 
lateral surface of the urogenital ridge (Fig. 16.23).

Cranially, the duct opens into the abdominal 
cavity with a funnel-like structure. Caudally, 
it first runs lateral to the mesonephric duct, 
then crosses it ventrally to grow caudomedially 
(Fig. 16.23). In the midline, it comes in cióse 
contact with the paramesonephric duct from the 
opposite side. The caudal tip of the combined 
ducts projects into the posterior wall of the uro­
genital sinus, where it causes a small swelling, 
the sinus tubercle (Fig. 16.24A). The mesoneph­
ric ducts open into the urogenital sinus on either 
side of the sinus tubercle.

Genital Ducts in the Male
Genital ducts in the male are stimulated to develop 
by testosterone and are derived from parts of the 
mesonephric kidney system (Fig. 16.25). Some of

FIGURE 16.23 G en ita l d u c ts  in  th e  
s ix th  w e e k  in th e  m a le  (A) and  fe ­
m a le  ÍB). The m e s o n e p h ric  and  
p a ra m e s o n e p h ric  d u c ts  a re  p re s e n t 
in  b o th . N o te  th e  e x c re to ry  tu b u le s  
o f  th e  m e s o n e p h ro s  a n d  th e ir  re - 
la tio n  to  th e  d e v e lo p in g  g o n a d  in 
b o th  sexes.
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FIGURE 16.24 A. G en ita l d u c ts  in th e  fe m a le  a t  th e  e n d  o f th e  se co n d  m o n th . N o te  th e  p a ra m e s o n e p h ric  
[M ü lle r ia n ] tu b e rc le  and  fo rm a tio n  o f  th e  u te r in e  ca na l. B. G en ita l d u c ts  a f te r  d e s c e n t o f  th e  o va ry . T he  o n iy  
p a r ts  re m a in in g  fro m  th e  m e s o n e p h ric  s y s te m  are th e  e p o o p h o ro n , p a ro o p h o ro n , a n d  G a rtn e r cys t. N o te  th e  
s u s p e n s o ry  lig a m e n t o f  th e  o v a ry , l ig a m e n t o f  th e  o v a ry  p ro p e r, and  ro u n d  lig a m e n t o f  th e  u te ru s .
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(u te rine  tube, uterus, upper 
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FIGURE 16.25 In flu e n c e  o f  th e  s e x  g la n d s  on  fu r th e r  s e x  d iffe re n tia t io n .
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FIGURE 16.26 A. G en ita l d u c ts  in  th e  m a le  in th e  fo u r th  m o n th . C ran ia l and  ca u d a l [p a ra g e n ita l tu b u le ] 
s e g m e n ts  o f  th e  m e s o n e p h ric  s y s te m  re g re ss . B. G en ita l d u c ts  a f te r  d e s c e n t o f  th e  te s tis . N o te  th e  h o rs e - 
sh o e -s h a p e d  te s t is  co rd s , re te  te s tis , a n d  e ffe re n t d u c tu le s  e n te r in g  th e  d u c tu s  d e fe re n s . T he p a ra d id y m is  
is  fo rm e d  b y  re m n a n ts  o f  th e  p a ra g e n ita l m e s o n e p h ric  tu b u le s . The  p a ra m e s o n e p h ric  d u c t  has d e g e n e ra te d  
e x c e p t fo r  th e  a p p e n d ix  te s tis . The  p ro s ta t ic  u tr ic le  is an o u tp o c k e tin g  fro m  th e  u re th ra .

the original excretoiy tubules, the epigenital 
tubules, estabüsh contact with cords of the rete 
testis and form the efferent ductules of the testis 
(Fig. 16.26). Excretory tubules along the caudal 
pole of the testis, the paragenital tubules, do not 
join the cords of the rete testis (Fig. 16.26). Their 
vestiges are coUectively known as the paradidymis.

Except for the most cranial portion, the 
appendix epididymis, the mesonephric ducts per- 
sist and form the main genital ducts (Fig. 16.26). 
Immediately below the entrance of the efferent 
ductules, the mesonephric ducts elongate and 
become highly convoluted, forming the (ductus) 
epididymis. From the tail of the epididymis to the 
outbudding of the seminal vesicle, the mesoneph­
ric ducts obtain a thick muscular coat and form 
the ductus deferens. The región of the ducts be- 
yond the seminal vesicles is the ejaculatory duct. 
Under the influence of anti-MüUerian hormone 
(AMH; also caUed Müllerian inhibiting sub- 
stance [MIS]) produced by Sertoli cells, parame­
sonephric ducts in the male degenerate except for 
a small portion at their cranial ends, the appendix 
testis (Figs. 16.25 and 16.26B).

Genital Ducts in the Femafe
In the presence of estrogen and the absence of 
testosterone and AMH (MIS), paramesonephric 
ducts develop into the main genital ducts of the 
female (Fig. 16.25). Initially, three parts can be

recognized in each duct: (1) a cranial vertical 
portion that opens into the abdominal cavity,
(2) a horizontal part that crosses the meso­
nephric duct, and (3) a caudal vertical part that 
fuses with its partner from the opposite side 
(Fig. 16.24A). With descent of the ovary, the 
first two parts develop into the uterine tube 
(Fig. 16.24B), and the caudal parts fuse to form 
the uterine canal. When the second part of the 
paramesonephric ducts moves mediocaudally, 
the urogenital ridges gradually come to lie in a 
transverse plañe (Fig. 16.27A,B). After the ducts 
fuse in the midline, a broad transverse pelvic fold 
is established (Fig. 16.27C). This fold, which ex- 
tends from the lateral sides of the fused parame­
sonephric ducts toward the wall of the pelvis, is 
the broad ligament of the uterus. The uterine 
tube lies in its upper border, and the ovary lies 
on its posterior surface (Fig. 16.27C). The uterus 
and broad ligaments divide the pelvic cavity 
into the uterorectal pouch and the uterovesi- 
cal pouch. The fused paramesonephric ducts 
give rise to the corpus and cervix of the uterus 
and the upper portion of the vagina. The uterus 
is surrounded by a layer of mesenchyme that 
forms both its muscular coat, the myometrium, 
and its peritoneal covering, the perimetrium. In 
the absence of testosterone, mesonephric ducts 
in the female degenerate.
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FIGURE 16.27 T ra n sve rse  s e c tio n s  th ro u g h  th e  u ro g e n ita l r id g e  a t  p ro g re s s iv e ly  lo w e r leve ls . A,B- The 
p a ra m e s o n e p h ric  d u c ts  a p p ro a ch  each  o th e r  in  th e  m id lin e  and  fu se . C. A s a re s u lt o f  fu s ió n , a tra n s v e rs e  
fo ld , th e  b ro a d  lig a m e n t o f  th e  u te ru s , fo rm s  in  th e  p e lv is . T he g o n a d s  c o m e  to  lie a t th e  p o s te r io r  a s p e c t o f 
th e  tra n s v e rs e  fo ld .

Molecular Regulation o f  Genital Duct 
Development
SRY is a transcription factor and the master 
gene for testes development. It appears to act 
in conjunction with the autosomal gene S0X9, 
a transcriptional regulator, that can also induce 
testes diíFerentiation (see Fig. 16.28 for a poten- 
tial pathway for these genes). S0X9 is known to 
bind to the promoter región of the gene for AMH 
(MIS) and probably regulates this gene’s expres- 
sion. Initially, SRY and/or S0X9 induce the testes 
to secrete FGF9 that acts as a chemotactic factor 
that causes tubules from the mesonephric duct to 
penetrate the gonadal ridge. Without penetration

by these tubules, diíFerentiation of the testes does 
not continué. Next, SRY either directly or indi- 
rectly (through S0X9) upregulates production of 
STEROIDOGENESIS FACTOR 1 (SFl) that 
stimulates differentiation of Sertoli and Leydig 
ceUs. SFl working with S0X9  elevates the con- 
centration of AMH leading to regression of the 
paramesonephric (Müllerian) ducts. In Leydig 
ceUs, SFl upregulates the genes for enzymes that 
synthesize testosterone. Testosterone enters 
ceUs of target tissues where it may remain in- 
tact or be converted to dihydrotestosterone by 
a 5-ot reductase enzyme. Testosterone and dihy­
drotestosterone bind to a specific high-aíRnity

MALES (XY) FEMALES (XX)

^ ^ e s te s ^ ( l^ v a r ie s ^

FIGURE 16.28 S ch e m a tic  s h o w in g  g e n e s  re s p o n s ib le  fo r  d if fe re n t ia t io n  o f  th e  te s te s  and  o va rle s . In b o th  
m a le s  and  fe m a le s , S0X9 and  WNT4 a re  e xp re s s e d  in  th e  g o n a d a l ridges. In m a les , th e  e x p re s s io n  o f SRY 
u p re g u la te s  S 0 X 9 , w h ic h  in  tu rn  a c tiv a te s  e x p re s s io n  o f  SFl and  o th e r  g e n e s  re s p o n s ib le  fo r  te s te s  d if fe r ­
e n tia t io n , w h ile  in h ib it in g  e x p re s s io n  o f  WNT4. In fe m a le s , th e  u n in h ib ite d  e x p re s s io n  o f  WNT4 u p re g u la te s  
DAXl th a t  in  tu rn  in h ib its  S 0 X 9  e xp re ss io n . T hen, u n d e r th e  c o n tin u e d  in flu e n c e  o f  WNT4, o th e r  d o w n s tre a m  
ta rg e t  g e n e s  (p e rh a p s  TAFinOB] in d u ce  o va ría n  d iffe re n tia t io n .
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intracellular receptor, and this hormone recep­
tor complex is transported to the nucleus where 
it binds to DNA to regúlate transcription of 
tissue-specific genes and their protein producís. 
Testosterone receptor complexes medíate dif- 
ferentiation of the mesonephric ducts to form 
the vas deferens, seminal vesicles, eíferent duct- 
ules, and epididymis. Dihydrotestosterone re­
ceptor complexes modulate diíferentiatíon of 
the male external genitalia (Fig. 16.25).

WNT4 is the ovary-determining gene. This 
gene upregulates DAXl, a member of the nuclear 
hormone receptor family, that inhibits the 
function of 50X9. In addition, WNT4 regulates 
expression of other genes responsible for ovarían 
diíferentiatíon, but these target genes have not 
been ídentífied. One target may be the TAFII105 
gene, whose protein product is a subunit for the 
TATA-binding protein for RNA polymerase in 
ovarían follicular cells. Female mice that do not 
synthesíze this subunit do not form ovaries.

Estrogens are also involved in sexual dííferen- 
tiation, and under their influence, the parameso- 
nephric (Müllerian) ducts are stimulated to form 
the uterine tubes, uterus, cervix, and upper v^n a. 
In addition, estrogens act on the extemal genitalia 
at the indifferent stage to form the labia majora, 
labia minora, clitoris, and lower vagina (Fig. 16.25).

Vagina
Shortly after the solid tip of the parameso- 
nephric ducts contacts the urogenital sinus

(Figs. 16.29A and 16.30A), two solid evagina- 
tions grow out from the pelvic part of the sinus 
(Figs. 16.29B and 16.30B). These evaginations, 
the sinovaginal bulbs, proliferate and form a 
solid vaginal píate. Proliferation continúes at 
the cranial end of the píate, increasing the dis- 
tance between the uterus and the urogenital 
sinus. By the fifth month, the vaginal outgrowth 
is entirely canalized. The wing-like expansions 
of the vagina around the end of the uterus, the 
vaginal fornices, are of paramesonephric origin 
(Fig. 16.30C). Thus, the vagina has a dual origin, 
with the upper portion derived from the uterine 
canal and the lower portion derived from the 
urogenital sinus.

The lumen of the vagina remains sepa- 
rated from that of the urogenital sinus by a 
thin tissue píate, the hymen (Figs. 16.29C and 
16.30C), which consists of the epithelial lining 
of the sinus and a thin layer of vaginal cells. 
It usually develops a small opening during 
perinatal life.

The female may retain some remnants of 
the cranial and caudal excretory tubules in the 
mesovarium, where they form the epoophoron 
and paroophoron, respectively (Fig. 16.24B). 
The mesonephric duct disappears except for a 
small cranial portion found in the epoopho­
ron and occasionally a small caudal portion 
that may be found in the wall of the uterus or 
vagina. Later in life, it may form Gartner cyst 
(Fig. 16.24B).

Uterine 
tu  be

Uterine
septum

Lum en o f u terus

S inus tuberc le

A
U rogentia l s inus

C auda l tip  o f 
pa ram esonephric  

ducts

Tissue o f 
s inovag ina  bulbs 

(vaginal p la te )^ ^ j;;í lír ii: 5̂

B
FIGURE 16.29 F o rm a tio n  o f  th e  u te ru s  and  v a g in a . A. 9 w eeks. N o te  th e  d is a p p e a ra n c e  o f  th e  u te r in e  
s e p tu m . B. A t th e  end  o f  th e  th ird  m o n th . N o te  th e  tis s u e  o f th e  s in o v a g in a l bu lbs . C. N e w b o rn . T he fo rn ic e s  
and  th e  u p p e r p o r t io n  o f  th e  va g in a  a re  fo rm e d  b y  v a c u o liz a tio n  o f  th e  p a ra m e s o n e p h ric  t is su e , a n d  th e  
lo w e r p o rt io n  o f  th e  va g in a  is fo rm e d  b y  v a c u o liz a tio n  o f  th e  s in o v a g in a l bu lbs.
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FIGURE 16.30 S a g itta l s e c tio n s  s h o w in g  fo rm a tio n  o f th e  u te ru s  and  va g in a  a t  v a r io u s  s ta g e s  o f  d e ve lo p - 
m e n t. A. 9 w eeks. B. End o f  th ird  m o n th . C. N e w b o rn .

Clinical Correlates

uterine and Vaginal Defects 
Duplications of the uterus re s u lt  f ro m  la ck  o f  f u ­
s ió n  o f  th e  p a ra m e s o n e p h r ic  d u c ts  in a  lo ca l a re a  
o r  th ro u g h o u t  th e ir  n o rm a l lin e  o f  fu s ió n . In its  e x ­
t re m e  fo rm , th e  u te ru s  is  e n t ire ly  d o u b le  (uterus 
didelphys) (Fig. 16.31-4]; in th e  le a s t s e v e re  fo rm , 
i t  is  o n iy  s l ig h t iy  in d e n te d  in  th e  m id d ie  (uterus 
arcuatus) (F ig. 16.31S]. O n e  o f  th e  re la t iv e ly  c o m - 
m o n  a n o m a lie s  is  th e  uterus bicornis, in  w h ic h  
th e  u te ru s  h a s  tw o  h o rn s  e n te r in g  a  c o m m o n  
v a g in a  (F ig. 16.31C). T h is  c o n d it io n  is  n o rm a l in 
m a n y  m a m m a ls  b e lo w  th e  p r im a te s .

In  p a t ie n t s  w i t h  c o m p le te  o r  p a r t ia l  a t r e -  
s ia  o f  o n e  o f  t h e  p a r a m e s o n e p h r ic  d u c ts ,  th e

r u d im e n ta r y  p a r t  l ie s  a s  a n  a p p e n d a g e  to  
t h e  w e ll - d e v e lo p e d  s id e .  B e c a u s e  i t s  lu m e n  
u s u a l ly  d o e s  n o t  c o m m u n ic a te  w i t h  th e  
v a g in a ,  c o m p l ic a t io n s  a re  c o m m o n  [u te r u s  
b ic o r n is  u n ic o l l is  w i t h  o n e  r u d im e n ta r y  h o rn ]  
(F ig . 1 6 .3 1 D ]. I f  t h e  a t r e s ia  in v o lv e s  b o th  
s id e s ,  a n  a t r e s ia  o f  t h e  c e r v ix  m a y  r e s u l t  
(F ig . 1 6 .3 1 f ] .  I f  t h e  s in o v a g in a l  b u lb s  f a i l  to  
fu s e  o r  d o  n o t  d e v e lo p  a t  a l l ,  a  d o u b le  v a g in a  
o r  a t r e s ia  o f  t h e  v a g in a ,  r e s p e c t iv e ly ,  r e s u l t s  
(F ig . 1 6 .3 1 4 ,F ]. In  t h e  la t t e r  c a s e , a s m a l l  v a g ­
in a l p o u c h  o r ig in a t in g  f r o m  th e  p a r a m e s o ­
n e p h r ic  d u c ts  u s u a l ly  s u r r o u n d s  t h e  o p e n in g  
o f  t h e  c e r v ix .

Indenta tlon

U terus d ide lphys U te rus  a rcua tus  U terus b icorn is
w ith  doub le  vag ina  _

I I  ^  o f vag ina
D n  E , f V

U terus b icorn is  unicollis  
1 rudem en tary  horn C ervica l a tres ia Vagina l a tresia

FIGURE 16.31 M ain a b n o rm a lit ie s  o f  th e  u te ru s  a n d  v a g in a , ca u se d  b y  p e rs is te n c e  o f  th e  u te r in e  s e p tu m  
o r  o b lite ra t io n  o f  th e  lu m e n  o f  th e  u te r in e  cana l.
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G enita l tuberc le
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FIGURE 16.32 In d if fe re n t s ta g e s  o f th e  e x te rn a l g e n ita lia . A. A p p ro x im a te ly  4  w eeks. B. A p p ro x im a te ly  
6  w eeks.

External Genitalia 
Ind ifferent Stage
In the third week of development, mesenchyme 
cells originating in the región of the primitive 
streak migrate around the cloacal membrane 
to form a pair of slightly elevated cloacal folds 
(Fig. 16.32A). Cranial to the cloacal membrane, the 
folds unite to form the genital tubercle. Caudally, 
the folds are subdivided into urethral folds an- 
teriorly and anal folds posteriorly (Fig. 16.325).

In the meantime, another pair of elevations, the 
genital swellings, becomes visible on each side of 
the urethral folds. These swellings later form the 
scrotal swellings in the male (Fig. 16.33A) and 
the labia majora in the female (Fig. 16.355). At 
the end of the sixlh week, however, it is impos- 
sible to distinguish between the two sexes.

External Genitalia in the Male
Development of the external genitalia in the male 
is under the influence of androgens secreted by 
the fetal testes and is characterized by rapid elon- 
gation of the genital tubercle, which is now called 
the phallus (Figs. 16.33A). During this elonga- 
tion, the phallus pulís the urethral folds forward 
so that they form the lateral walls of the urethral 
groove. This groove extends along the caudal as- 
pect of the elongated phallus but does not reach 
the most distal part, the glans. The epithelial lin- 
ing of the groove, which originates in the endo- 
derm, forms the urethral píate (Fig. 16.335).

At the end of the third month, the two ure­
thral folds cióse over the urethral píate, forming 
the penile urethra (Figs. 16.335). This canal does 
not extend to the tip of the phallus. This most
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FIGURE 16.33 A. D e v e lo p m e n t o f  e x te rn a l g e n ita lia  in th e  m a le  a t  10 w e e ks . N o te  th e  d eep  u re th ra l g ro o v e  
fla n k e d  by th e  u re th ra l fo ld s . B. T ra n sve rse  s e c tio n s  th ro u g h  th e  p h a llu s  d u rin g  fo rm a tio n  o f  th e  p e n ile  u re ­
th ra . The u ro g e n ita l g ro o v e  is b r id g e d  b y  th e  u re th ra l fo ld s . C. D e ve lo p m e n t o f  th e  g la n d u la r p o rt io n  o f th e  
p e n ile  u re th ra . D. N e w b o rn .
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distal portion of the urethra is formed during 
the fourth month, when ectodermal cells from 
the tip of the glans penetrate inward and form 
a short epithehal cord. This cord later obtains 
a lumen, thus forming the external urethral 
meatus (Fig. 16.33C).

The genital swellings, known in the male 
as the scrotal swellings, arise in the inguinal 
región. With further development, they move 
caudally, and each swelling then makes up half 
of the scrotum. The two are separated by the 
scrotal septum (Figs. 16.33D).

Clinical Correlates

Defects in the Male Genitalia 
In  hypospadias, fu s ió n  o f  th e  u re th r a l  fo ld s  
is  in c o m p le te ,  a n d  a b n o rm a l o p e n in g s  o f  th e  
u r e th r a  o c c u r  a lo n g  th e  in fe r io r  a s p e c t  o f  th e  
p e n is , u s u a lly  n e a r  th e  g la n s , a lo n g  th e  s h a f t .

o r  n e a r  th e  b a s e  o f  th e  p e n is  (F ig . 1 6 .3 4 ). In 
ra re  c a s e s , th e  u r e th r a l m e a tu s  e x te n d s  a lo n g  
th e  s c ro ta l ra p h e . W h e n  fu s ió n  o f  th e  u r e ­
th r a l  fo ld s  fa i ls  e n t ir e ly ,  a  w id e  s a g it ta l  s l i t  
is  fo u n d  a lo n g  th e  e n t i r e  le n g th  o f  th e  p e n is

Abnorm al
urethra l
o rífices

/ V

FIGURE 16.34 A. H ypospad ias  sh o w in g  th e  v a rio u s  lo ca tions  o f a b n o rm a l u re th ra l o rificas . B. P a tie n t w ith  
g la n d u la r hypospad ias . The u re th ra  is open  on th e  v e n tra l su rfa ce  o f  th e  g lans  penis. C. P a tie n t w ith  h y p o ­
spad ias  in vo lv in g  th e  g lans  and s h a ft o f  th e  penis. D. Epispadias co m b in e d  w ith  e x s tro p h y  o f th e  b ladder. 
B ladde r m ucosa  is exposed .

(continued)
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a n d  th e  s c ro tu m . T h e  tw o  s c ro ta l s w e il in g s  
th e n  c lo s e ly  re s e m b le  th e  la b ia  m a jo ra .  T h e  
in c id e n c e  o f  h y p o s p a d ia s  is  3 - 5 /1 ,0 0 0  b ir th s ,  
a n d  th is  ra te  re p re s e n ts  a  d o u b lin g  o v e r  th e  
p a s t  15 to  2 0  y e a rs .  R e a s o n s  f o r  th e  in c re a s e  
a re  n o t  k n o w n , b u t  o n e  h y p o th e s is  s u g g e s ts  i t  
c o u ld  b e  a  r e s u l t  o f  a r is e  in  e n v iro n m e n ta l  e s -  
t r o g e n s  (e n d o c r in e  d is ru p to rs ;  s e e  C h a p te r  9 ).

Epispadias is  a ra re  a b n o r m a li t y  (1 /3 0 ,0 0 0  
b ir th s ]  in  w h ic h  th e  u r e th r a l m e a tu s  is  fo u n d  o n  
t h e  d o rs u m  o f  th e  p e n is  (F ig . 1 6 .3 4 D ). A l th o u g h  
e p is p a d ia s  m a y  o c c u r  a s  a n  is o la te d  d e fe c t ,  i t  
is  m o s t  o f te n  a s s o c ia te d  w ith  e x s t r o p h y  o f  th e

b la d d e r  a n d  a b n o rm a l c lo s u re  o f  th e  v e n t ra l 
b o d y  w a ll  (F ig . 16.16].

Micropenis o c c u rs  w h e n  th e r e  is  in s u f -  
f ic ie n t  a n d ro g e n  s t im u la t io n  f o r  g r o w th  o f  
th e  e x te r n a l g e n ita l ia .  M ic ro p e n is  is  u s u a l ly  
c a u s e d  b y  p r im a r y  h y p o g o n a d is m  o r  h y p o -  
th a la m ic  o r  p i t u i t a r y  d y s fu n c t io n .  B y  d e f i -  
n i t io n ,  th e  p e n is  is  2 .5  s ta n d a rd  d e v ia t io n s  
b e lo w  th e  m e a n  in  le n g th  a s  m e a s u re d  a lo n g  
th e  d o rs a l s u r fa c e  f r o m  th e  p u b is  t o  th e  t ip  
w it h  th e  p e n is  s t r e tc h e d  to  re s is ta n c e .  Bifid 
penis o r  double penis m a y  o c c u r  i f  t h e  g e n ita l 
t u b e r c le  s p i its .

External Genitalia in the Female
Estrogens stimulate development of the exter­
nal genitalia of the female. The genital tubercle 
elongates only slightly and forms the clitoris 
(Fig. 16.35A); urethral folds do not fuse, as in 
the male, but develop inte the labia minora. 
Genital sweilings enlarge and form the labia 
majora. The urogenital groove is open and 
forms the vestibule (Fig. 16.355). Although the 
genital tubercle does not elongate extensively in 
the female, it is larger than in the male during 
the early stages of development. In fact, using 
tubercle length as a criterion (as monitored by 
ultrasound) has resulted in mistakes in Identi­
fication of the sexes during the third and fourth 
months of gestation.

Descent of the Testes
The testes develop retroperitoneaUy in the 
abdominal región and must move caudally and 
pass through the abdominal wall to reach the

scrotum. Passage through the abdominal wall 
is via the inguinal canal, which is about 4 cm 
long and lies just superiorly to the medial half 
of the inguinal ligament. Entry to the canal is by 
the deep (internal) inguinal ring, and exit is by the 
superficial (external) ring near the pubic tubercle.

Toward the end of the second month, the 
urogenital mesentery attaches the testis and 
mesonephros to the posterior abdominal wall 
(Fig. 16.3A). With degeneration of the meso­
nephros, the attachment serves as a mesentery 
for the gonad (Fig. 16.275). Caudally, it becomes 
ligamentous and is known as the caudal genital 
ligament. Also extending from the caudal pole 
of the testis is a mesenchymal condensation rich 
in extracellular matrices, the gubernaculum 
(Fig. 16.37). Prior to descent of the testis, this 
band of mesenchyme terminates in the inguinal 
región between the diíferentiating internal and 
external abdominal oblique muscles. Later, as 
the testis begins to descend toward the internal

FIGURE 16.35 D e v e lo p m e n t o f  th e  e x te rn a l g e n ita lia  in th e  fe m a le  a t  5 m o n th s  (A) a n d  in th e  n e w b o rn  (B).
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Clinical Correlates

Disorders of Sexual Development
B e c a u s e  s e x u a l d e v e lo p m e n t  o f  m a le s  a n d  
fe m a le s  b e g in s  in  a n  id e n t ic a l fa s h io n ,  i t  is  n o t  
s u rp r is in g  t h a t  a b n o rm a li t ie s  in  d i f fe r e n t ia -  
t io n  a n d  s e x  d e te r m in a t io n  o c c u r .  Ambiguous 
genitalia [F ig . 1 6 .3 6 ] m a y  a p p e a r  a s  a la rg e  
c l i to r is  o r  a  s m a ll p e n is . T h u s , a  c h ild  m a y  be 
b o rn  w ith  a ty p ic a l ly  fe m a le  a p p e a ra n c e , b u t  
w it h  a la rg e  c l i to r is  ( c l i to ra l h y p e r t ro p h y )  o r  
t y p ic a l ly  m a le  w ith  a  s m a ll p e n is  t h a t  is  o p e n  
o n  its  v e n t r a l  s u r fa c e  (h y p o s p a d ia s ) .  In  s o m e  
c a s e s , th e s e  a b n o r m a li t ie s  r e s u l t  in  in d iv id u ­
á is  w it h  c h a ra c te r is t ic s  o f  b o th  s e x e s , a n d  th e y  
m a y  b e  c a lle d  hermaphrodites. H o w e v e r , t r u e  
h e rm a p h ro d ite s  h a v e  b o th  m a le  a n d  fe m a le  
g o n a d a l t is s u e s ,  a n d  s u c h  in d iv id u á is  h a v e  n o t  
b e e n  d e s c r ib e d  in  h u m a n s . In s te a d , th e s e  in d i­
v id u á is  h a v e  ovotestes t h a t  h a v e  b o th  te s t ic -  
u la r  a n d  o v a r ia n  t is s u e .  T h e y  m a y  b e  ty p ic a l ly  
fe m a le  o r  ty p ic a l ly  m a le  o r  in  b e tw e e n  in  te rm s  
o f  g e n ita l  d e v e lo p m e n t .  In 7 0 %  o f  c a s e s , th e  
k a ry o ty p e  is  4 6 ,XX, a n d  th e r e  is  u s u a lly  a 
u te ru s .  E x te rn a l g e n ita l ia  a re  a m b ig u o u s  o r  
p r e d o m in a n t ly  fe m a le ,  a n d  m o s t  o f  th e s e  in d i­
v id u á is  a re  ra is e d  a s  fe m a le s .

S o m e t im e s , th e  g e n o ty p ic  [c h ro m o s o m a l]  
s e x  d o e s  n o t  m a tc h  th e  p h e n o ty p e  (p h y s ic a l 
a p p e a ra n c e ) .  F o r e x a m p le ,  th e  m o s t  c o m -  
m o n  c a u s e  o f  s e x u a l a m b ig u ity  is  congenital 
adrenal hyperplasia (CAH], B io c h e m ic a l a b ­
n o r m a l i t ie s  in  th e  a d re n a l g la n d s  r e s u lt  in 
d e c re a s e d  s te ro id  h o rm o n e  p r o d u c t io n  a n d  
a n  in c re a s e  in  a d r e n o c o r t ic o t r o p ic  h o rm o n e  
(A C TH ]. In  m o s t  c a s e s , 2 1 -h y d ro x y la t io n  is  in -  
h ib ite d .  F e m a le s  w ith  th is  c o n d it io n  c a n  h a v e  
a ra n g e  o f  s e x u a l c h a ra c te r is t ic s  v a ry in g  f r o m

L

FIGURE 16.36 M ale [4 6 ,XY] in fa n t w ith  a m b ig u ­
ous  g e n ita lia . N o te  p a rtia l fu s ió n  o f  th e  s c ro ta l 
sw e ilin g s  a n d  a sm a ll p e n is  w ith  hyp o sp a d ia s .

p a r t ia l  m a s c u lin iz a t io n  w it h  a  la rg e  c l i to r is  to  
v i r i l iz a t io n  a n d  a m a le  a p p e a ra n c e . In a ra re r  
fo r m  o f  C AH , th e r e  is  a 1 7 o í-h y d ro x y la s e  d e -  
f ic ie n c y  re s u lt in g  in  fe m a le s  h a v in g  fe m a le  
in te rn a l a n d  e x te rn a l a n a to m y  a t  b ir th  b u t  
f a i lu r e  o f  s e c o n d a ry  s e x  c h a ra c te r is t ic s  t o  a p ­
p e a r  a t  p u b e r t y  d u e  t o  a n  in a b i l i t y  o f  th e  a d -  
re n a ls  o r  o v a r le s  t o  p ro d u c e  s e x  h o rm o n e s . 
C o n s e q u e n t ly ,  th e r e  is  n o  b re a s t  d e v e lo p m e n t  
o r  g r o w th  o f  p u b ic  h a ir . In m a le s  w ith  17a- 
h y d ro x y la s e  d e f ic ie n c y ,  v ir i l iz a t io n  is  in h ib ite d .

A n o th e r  c a u s e  o f  s e x u a l a m b ig u ity  is  th e  
androgen insensitivity syndrome (AIS]. 
In d iv id u á is  w ith  A IS  a re  m a le s  [h a v e  a Y 
c h ro m o s o m e  a n d  te s te s ) ,  b u t  th e re  is  a  la c k  o f  
a n d ro g e n  re c e p to rs  o r  fa i lu re  o f  t is s u e s  t o  re -  
s p o n d  t o  re c e p to r - d ih y d ro te s to s te ro n e  c o m -  
p le x e s . C o n s e q u e n tly ,  a n d ro g e n s  p ro d u c e d  b y  
th e  te s te s  a re  in e f fe c t iv e  in  in d u c in g  d if fe re n t ia -  
t io n  o f  m a le  g e n ita lia .  B e ca u se  th e s e  p a t ie n ts  
h a v e  te s te s  a n d  M IS is p re s e n t,  th e  p a ra m e -  
s o n e p h r ic  s y s te m  is  s u p p re s s e d , a n d  u te r in e  
tu b e s  a n d  u te ru s  a re  a b s e n t.  In p a t ie n ts  w ith  
complete androgen insensitivity syndrome 
[CAIS], a v a g in a  is  p re s e n t b u t  u s u a lly  s h o r t  
o r  p o o r ly  d e v e lo p e d . T h e  te s te s  a re  f r e q u e n t ly  
fo u n d  in  th e  in g u in a l o r  la b ia l re g io n s , b u t  s p e r-  
m a to g e n e s is  d o e s  n o t  o c c u r. F u r th e rm o re , 
th e re  is  a n  in c re a s e d  r is k  o f  te s t ic u la r  tu m o rs ,  
a n d  3 3 %  o f  th e s e  in d iv id u á is  d e v e lo p  m a lig n a n -  
c ie s  p r io r  t o  a g e  5 0  y e a rs . O th e r  p a t ie n ts  h a v e  
mild androgen insensitivity syndrome (MAIS] 
o r  partial androgen insensitivity syndrome 
[PAIS] fo rm s  o f  th e  d is o rd e r .  W ith  th e  m ild  
fo rm , th e re  is  v ir i l iz a t io n  to  v a ry in g  d e g re e s , b u t  
w ith  th e  p a r t ia l fo rm , a m b ig u o u s  g e n ita lia  m a y  
b e  p re s e n t,  in c lu d in g  c l ito ro m e g a ly  o r  a  s m a ll 
p e n is  w ith  h y p o s p a d ia s . T e s te s  a re  u s u a lly  u n -  
d e s c e n d e d  in  th e s e  cases .

5-a-Reductase deficiency [5-ARD] is  a n ­
o th e r  c o n d it io n  t h a t  c a u s e s  a m b ig u o u s  g e n ita ­
lia  in  m a le s  a n d  is  d u e  t o  a n  in a b i l i t y  t o  c o n v e r t  
te s to s te r o n e  t o  d ih y d ro te s to s te ro n e  b e c a u s e  
o f  a  la c k  o f  t h e  re d u c ta s e  e n z y m e . W ith o u t  d i ­
h y d ro te s to s te ro n e ,  e x te rn a l g e n ita l ia  d o  n o t  
d e v e lo p  n o rm a l ly  a n d  m a y  a p p e a r  m a le  b u t  
b e  u n d e rd e v e lo p e d  w ith  h y p o s p a d ia s , o r  th e y  
m a y  a p p e a r  t o  be  fe m a le  w ith  c l ito ro m e g a ly .

O th e r  c o n d it io n s  m a y  be  a s s o c ia te d  w ith  
a b n o rm a l s e x u a l d i f fe r e n t ia t io n .  F o r e x a m p le ,  
Klinefelter syndrome, w ith  a k a ry o ty p e  o f

[continued]
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47 ,X X Y  (o r  o th e r  v a r ia n ts ,  e .g ., X X X Y ], is  th e  
m o s t  c o m m o n  s e x  c h ro m o s o m e  d is o rd e r ,  
o c c u r r in g  w ith  a f r e q u e n c y  o f  1 p e r1 ,0 0 0  m a le s . 
P a t ie n ts  m a y  h a v e  d e c re a s e d  f e r t i l i t y ,  s m a ll 
te s te s ,  a n d  d e c re a s e d  te s to s te r o n e  le v e ls . 
G y n e c o m a s t ia  (e n la rg e d  b re a s ts ]  is  p re s e n t  
in  a p p r o x im a te ly  3 3 %  o f  a f fe c te d  in d iv id u á is .  
N o n d is ju n c t io n  o f  th e  XX  h o m o lo g u e s  is  th e  
m o s t  c o m m o n  c a u s a t iv e  fa c to r .

In gonadal dysgenesis, o o c y te s  a re  a b -  
s e n t,  a n d  th e  o v a r le s  a p p e a r  a s  s t re a k  g o n a d s . 
In d iv id u á is  a re  p h e n o ty p ic a l ly  fe m a le  b u t  m a y

h a v e  a  v a r ie ty  o f  c h ro m o s o m a l c o m p le m e n ts ,  
in c lu d in g  XY. XY female gonadal dysgenesis 
(Swyer syndrome) re s u lts  f r o m  p o in t  m u ta -  
t io n s  o r  d e le t io n s  o f  th e  S R Y  g e n e . In d iv id u á is  
a p p e a r  to  b e  n o rm a l fe m a le s  b u t  d o  n o t  m e n -  
s t r u a te  a n d  d o  n o t  d e v e lo p  s e c o n d a ry  s e x ­
u a l c h a ra c te r is t ic s  a t  p u b e r ty .  P a t ie n ts  w ith  
Turner syndrome a is o  h a v e  g o n a d a l d y s g e n ­
e s is . T h e y  h a v e  a 45,X  k a ry o ty p e  a n d  s h o r t  
s ta tu r e ,  h ig h -a rc h e d  p a la te ,  w e b b e d  n e c k , 
s h ie ld - l ik e  c h e s t,  c a rd ia c  a n d  re n a l a n o m a lie s ,  
a n d  in v e r te d  n ip p le s  (s e e  C h a p te r  2, p. 21).

inguinal ring, an extra-abdominal portion of the 
gubernaculum forms and grows from the ingui­
nal región toward the scrotal swellings. When 
the testis passes through the inguinal canal, this 
extra-abdominal portion contacts the scrotal 
floor (the gubernaculum forms in females also, 
but in normal cases, it remains rudimentary).

Factors controlling descent of the testis are 
not entirely clear. It appears, however, that 
outgrowth of the extra-abdominal portion of 
the gubernaculum produces intra-abdominal 
migration, that an increase in intra-abdominal 
pressure due to organ growth produces passage

through the inguinal canal, and that regres- 
sion of the extra-abdominal portion of the 
gubernaculum completes movement of the tes­
tis into the scrotum. Normally, the testes reach 
the inguinal región by approximately 12 weeks’ 
gestation, migrate through the inguinal canal by 
28 weeks, and reach the scrotum by 33 weeks 
(Fig. 16.37). The process is influenced by hor­
mones, including androgens and MIS. During 
descent, blood supply to the testis from the aorta 
is retained, and testicular vessels extend from 
their original lumbar position to the testis in the 
scrotum.

Testis

C auda l gen ita l ligam ent 
and gubernacu lum

G ubernacu lum  
(extraabdom ina l portion)

Phallus

A

G ubernacu lum  
testis

Rectum
Vaginal
process

Parie ta l layer 
o f tún ica  

vag ina lis

G ubernacu lum
testis

Testis

Scrota l sweiling

Viscera l layer o f 
tú n ica  vag ina lis  

G ubernacu lum  tes tis

FIGURE 16.37 D e sce n t o f  th e  te s tis . A. D uring  th e  s e co n d  m o n th . B. In th e  m id d ie  o f th e  th ird  m o n th . 
P e rito n e u m  lin in g  th e  b o d y  c a v ity  e v a g in a te s  in to  th e  s c ro ta l s w e ilin g , w h e re  i t  fo rm s  th e  v a g in a l p ro ce ss  
[tú n ic a  v a g in a lis ], C. In th e  s e v e n th  m o n th . D. S h o rtiy  a f te r  b irth .
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Externa l abdom ina l ob lique m uscle 
In tem a l abdom ina l ob lique m uscle  

Transversus abdom in is  m uscle 
Transversalis  fascia

Peritoneum
O blite ra ted  trac t of 
processes vag ina lis

—  D uctus deferens

E xterna l sperm atic  
fascia

C rem asteric  
fasc ia  and m uscle

Ep id idym is

Interna! sperm atic  
fascia

Túnica vag ina lis

FIGURE 16.38 D ra w in g  sh o w in g  th e  c o v - 
e r in g s  o f th e  te s te s  th a t  a re  d e riv e d  fro m  
c o n s t itu e n ts  o f  th e  a b d o m in a l w a ll. These 
c o v e rin g s  a re  fo rm e d  as th e  te s te s  m ig ra te  
th ro u g h  th e  w a ll in ro u te  fro m  th e ir  re tro p e r i-  
to n e a l lo c a tio n  in  th e  a b d o m in a l c a v ity  to  th e  
s c ro tu m .

G ubernacu lum

Independently from descent of the testis, 
the peritoneum of the abdominal cavity forms 
an evagination on each side of the midhne into 
the ventral abdominal wall. This evagination, 
the processus vaginalis, follows the course of 
the gubernaculum testis into the scrotal swell- 
ings (Fig. 16.375). Henee, the processus vagi­
nalis, accompanied by the muscular and fascial 
layers of the body wall, evaginates into the 
scrotal swelling, forming the inguinal canal 
(Fig. 16.38).

The testis descends through the inguinal ring 
and over the rim of the pubic bone and is pres- 
ent in the scrotum at birth. The testis is then 
covered by a reflected fold of the processus vag­
inalis (Fig. 16.37D). The peritoneal layer cover- 
ing the testis is the visceral layer of the túnica 
vaginalis; the remainder of the peritoneal sac

forms the parietal layer of the túnica vagina-
lis (Fig. 16.37D). The narrow canal connecting 
the lumen of the vaginal process with the peri­
toneal cavity is obliterated at birth or shortly 
thereafter.

In addition to being covered by peritoneal 
layers derived from the processus vaginalis, the 
testis becomes ensheathed in layers derived from 
the anterior abdominal wall through which it 
passes. Thus, the transversalis fascia forms the 
internal spermatic fascia, the internal abdomi­
nal oblique muscle gives rise to the cremasteric 
fascia and muscle, and the external abdominal 
oblique muscle forms the external spermatic 
fascia (Fig. 16.38). The transversus abdominis 
muscle does not contribute a layer because it 
arches over this región and does not cover the 
path of migration.

Clinicat Correlates

Hernias and Cryptorchidism
T h e  c o n n e c t ío n  b e tw e e n  th e  a b d o m in a l c a v ity  
a n d  th e  p ro c e s s u s  v a g in a l is  th r o u g h  th e  in ­
g u in a l c a n a l a n d  in to  th e  s c ro ta l s a c  n o rm a lly  
G loses in  th e  f i r s t  y e a r  a f t e r  b ir th  (F ig . 16.37D ). 
I f  t h is  p a s s a g e w a y  re m a in s  o p e n , in te s t in a l 
lo o p s  m a y  d e s c e n d  in to  th e  s c ro tu m , c a u s -  
in g  a  congenital indirect inguinal hernia

(F ig . 1 6 .3 9 A ]. S o m e t im e s , o b l i te r a t io n  o f  th is  
p a s s a g e w a y  is  ir re g u la r ,  le a v in g  s m a ll c y s ts  
a lo n g  i t s  c o u rs e . L a te r , th e s e  c y s ts  m a y  s e ­
c re te  f lu id ,  fo rm in g  a  hydrocele of the testis 
and/or spermatic cord (F ig . 1 6 .3 9 B ].

In  9 7 %  o f  m a le  n e w b o rn s ,  t e s te s  a re  
p r e s e n t  in  t h e  s c r o tu m  b e fo r e  b i r t h .  In  m o s t

[continued]
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FIGURE 16.39 A. In g u in a l he rn ia . The  va g in a l 
p ro ce ss  re m a in s  in  ope n  c o m m u n ic a tio n  w ith  
th e  p e rito n e a l c a v ity . In su ch  a case, p o r t io n s  o f 
th e  in te s tin a l lo o p s  o fte n  d e sce n d  to w a rd  and 
o c c a s io n a lly  in to  th e  s c ro tu m , ca u s in g  an in g u in a l 
he rn ia . B. H ydroce le .

o f  t h e  r e m a in d e r ,  d e s c e n t  w i l l  b e  c o m -  
p le te d  d u r in g  t h e  f i r s t  3  m o n th s  p o s tn a -  
t a l ly .  H o w e v e r ,  in  < 1 %  o f  in fa n ts ,  o n e  o r  
b o th  te s te s  fa i l  t o  d e s c e n d .  T h e  c o n d í t io n  is  
c a l le d  cryptorchidism a n d  m a y  b e  c a u s e d  b y

C onnection
betw een
peritonea l
cav ity  and
tún ica
vag ina lis

Vaginal
prqcGSS \

H ydroce le

D uctus deferens

E p id idym is"

B
T jn ic a  vaginalis

d e c re a s e d  a n d r o g e n  [ t e s to s te r o n e ]  p r o d u c -  
t io n .  T h e  u n d e s c e n d e d  te s te s  f a i l  t o  p r o d u c e  
m a tu r e  s p e r m a to z o a ,  a n d  t h e  c o n d i t io n  is  
a s s o c ia te d  w i t h  a  3 %  t o  5 %  in c id e n c e  o f  
re n a l a n o m a lie s .

Descent of the Ovarles
Descent of the gonads is considerably less in the 
female than in the male, and the ovaries finally 
settle just below the rim of the true pelvis. The 
cranial genital ligament forms the suspensory 
ligament of the ovaiy, whereas the caudal geni­
tal ligament forms the ligament of the ovary 
proper and the round ligament of the uterus 
(Fig. 16.24). The latter extends into the labia 
majora.

S U M M A R Y
The urinary and genital systems both develop 
from mesodermal tissue. Three urinary systems 
develop in a temporal sequence from cranial to 
caudal segments:

The pronephros, v^hich forms in the cervical 
región, is vestigial.

The mesonephros, which forms in the thoracic 
and lumbar regions, is large and is charac- 
terized by excretory units (nephrons) and 
its own collecting duct, the mesonephric or 
Wolffian duct. In the human, it may fiinction 
briefly, but most of the system disappears. 
Ducts and tubules from the mesonephros 
form the conduit for sperm from the testes to 
the urethra. In the female, these ducts regress. 

The metanephros, or permanent kidney, de- 
velops from two sources. It forms its own 
excretory tubules or nephrons like the meso­
nephros, but its collecting system originates 
from the ureteric bud, an outgrowth of the 
mesonephric duct. This bud gives rise to the

ureter, renal pelvis, calyces, and the entire 
collecting system (Fig. 16.5). Connection 
between the collecting and excretory tu- 
bule systems is essential for normal devel- 
opment (Fig. 16.6). W Tl, expressed by the 
mesenchyme, makes this tissue competent 
to respond to induction by the ureteric bud. 
Interactions between the bud and mesen­
chyme occur through production of GDNF 
and HGF by the mesenchyme with their tyro- 
sine kinase receptors RET and MET, respec- 
tively, produced by the ureteric epithelium. 
PAX2 and WNT4, produced by metaneph- 
ric mesenchyme, cause epithelialization and 
excretory tubule differentiation (Fig. 16.7). 
Early división of the ureteric bud may lead to 
bifid or supernumerary kidneys with ectopic 
ureters (Fig. 16.9). Because the kidneys de­
velop in the pelvic región and then “ascend” 
to their location in the lumbar area, abnor- 
mal positions of the kidney, such as pelvic 
and horseshoe kidney, occur (Fig. 16.11).

The bladder forms during the 4th to 7th 
weeks as the cloaca, the common repository for 
the primitive kidneys and gut system, is subdi- 
vided into the urogenital sinus anteriorly and 
the anal canal posteriorly by the urorectal sep­
tum (Fig. 16.12). The anterior portion of this 
sinus then diíferentiates into the bladder. The 
remaining portion of the sinus differentiates 
into the prostatic and membranous parts of 
the urethra in the male and the urethra in the 
female (Fig. 16.13).
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The genital system consists of (1) gonads 
or primitive sex glands, (2) genital ducts, and
(3) external genitalia. All three components go 
through an indifferent stage in which they may 
develop into either a male or a female. The SRY 
gene on the Y chromosome produces testes- 
determining factor and regulates male sexual 
development. Genes downstream from SRY 
include S0X 9  and SFl that stimulate diíFeren- 
tiation of Sertoli and Leydig cells in the testes. 
Expression of the SRY gene causes (1) develop- 
ment of the meduUary (testis) cords, (2) forma- 
tion of the túnica albuginea, and (3) failure of 
the cortical (ovarian) cords to develop.

Ovarían development occurs in the absence 
of the SRY gene and in the presence of WNT4, 
the master gene for this differentiation pro- 
cess. WNT4 upregulates DAXl that inhibits the 
expression of S0X9, and then, WNT4, together 
with other downstream genes, causes formation 
of ovarles with (1) typical cortical cords, (2) dis- 
appearance of the meduliary (testis) cords, and
(3) failure of the túnica albuginea to develop 
(Fig. 16.21). Development of both testes and ova­
rles is dependent upon induction by primordial 
germ cells that migrate from the yolk sac to the 
genital ridges during the 4th to 6th weeks. If 
these cells fail to reach the indifferent gonad, the 
gonad remains indifferent or is absent.

The indifferent duct system and external 
genitalia develop under the influence of hor­
mones. During the indifferent stage, there are 
two duct systems: the mesonephric duct and 
paramesonephric duct. Testosterone, pro- 
duced by Leydig cells in the testes, stimulates 
development of the mesonephric ducts to form 
the efferent ducts, epididymis, vas deferens, 
and ejaculatory duct. Müllerian inhibiting 
substance (MIS; also called, antimüUerian 
hormone [AMH]), produced by Sertoli cells 
in the testes, causes regression of the parameso­
nephric ducts. Dihydrotestosterone stimulates 
development of the external genitalia, including 
the penis and scrotum (Fig. 16.25). Estrogens 
(together with the absence of testosterone) 
regúlate development of the paramesonephric 
ducts, which form the uterine tube, uterus, cer- 
vix, and upper portion of the vagina. Because 
there is no testosterone production to stimulate

development of the mesonephric ducts, these 
structures regress. Estrogens also stimulate dif­
ferentiation of the external genitalia, includ­
ing the clitoris, labia, and lower portion of 
the vagina (Fig. 16.25). Errors in production 
of or sensitivity to hormones of the testes lead 
to a predominance of female characteristics 
under influence of the maternal and placental 
estrogens.

External genitalia also begin in an indifferent 
stage. Initially, a genital tubercle, two genital 
sweUings, and two cloacal folds form on the 
exterior of the floor of the pelvis. When the uro- 
rectal septum reaches the interior of this floor 
to separate the anal canal from the primitive 
urogenital sinus (soon to form the bladder), the 
cloacal folds are now called the urethral folds 
(Fig. 16.32). In the male, the genital tubercle 
grows and is called the phaUus. As it grows, it 
pulís the urethral folds together and these fiise 
forming the shaft of the penis. Meanwhile, the 
genital swellings become larger to form the 
scrotal swellings, and these also come together 
and fuse in the midline. In females, the genital 
tubercle forms the clitoris, the urethral folds 
the labia minora, and the genital swellings the 
labia majora. Note that in the female there is a 
lack of fusión of the primordial structures. Also 
note the analogous structures in the two sexes: 
penis=clitoris and scrotum=labia majora.

Problems to  Solve
1. During development of the urinary system, 

three systems form. What are they, and what 
parts of each, if any, remain in the newborn?

2. At birth, an apparently male baby has no tes- 
ticles in the scrotum. Later, it is determined 
that both are in the abdominal cavity. What is 
the term given to this condition? Explain the 
embryological origin of this defect.

3. It is said that male and female external geni­
talia have homologies. What are they, and 
what are their embryological origins?

4. After several years of trying to become preg- 
nant, a young woman seeks consultation. 
Examination reveáis a bicornate uterus. How 
could such an abnormality occur?



Head and Neck I
r

esenchyme for formation of the head 
región is derived firom paraxial and lat­
eral píate mesoderm, neural crest, and 

thickened regions of ectoderm known as ectoder- 
mal placodes. Paraxial mesoderm (somites and 
somitomeres) forms a large portion of the mem- 
branous and cartilaginous components of the neu- 
rocranium (skuU) (Fig. 17.1; see also Chapter 10 
and Fig. 10.6), all voluntary muscles of the cranio- 
facial región (see Table 17.1, p. 279), the dermis and 
connective tissues in the dorsal región of the head, 
and the meninges caudal to the prosencephalon. 
Lateral píate mesoderm forms the laryngeal carti- 
lages (arytenoid and cricoid) and connective tissue 
in this región. Neural crest cells origínate in the neu- 
roectoderm of forebrain, midbrain, and hindbrain 
regions and migrate ventrally into the pharyngeal 
arches and rostraUy around the forebrain and optic 
cup into the facial región (Fig. 17.2). In these loca- 
tions, they form the entire viscerocranium (face) 
and parts of the membranous and cartil^inous 
regions of the neurocranium (skuU) (Fig. 17.1; see 
also Chapter 10 and Fig. 10.6). They also form all 
other tissues in these regions, including cartilage, 
bone, dentin, tendón, dermis, pia and arachnoid, 
sensory neurons, and ^andular connective tissue. 
CeUs íirom ectodermal placodes (epipharyngeal

FIGURE 17.1 S k e le ta ls tru c tu re s o f 
th e  head  a n d  fa ce . M e se n ch ym e  
fo r  th e s e  s tru c tu re s  is d e rive d  
fro m  n e u ra l c re s t [blue], la te ra l 
p ía te  m e s o d e rm  ¡yellow], and 
p a ra x ia l m e s o d e rm  (s o m ite s  and 
s o m ito m e re s ] [red]. Nasal

Lacrimal 
Zygomatic 

Maxilla 

Incisiva

M andib le

FIGURE 17.2 M ig ra tio n  p a th w a y s  o f  n e u ra l c re s t 
ce lls  fro m  fo re b ra in , m id b ra in , a n d  h in d b ra in  re ­
g io n s  in to  th e ir  f in a l lo c a tio n s  [blue oreos] in th e  
p h a ry n g e a l a rc h e s  and  face . R eg io ns  o f  e c to d e rm a l 
th ic k e n in g s  [e p ip h a ry n g e a l p la co d e s ], v^^hich w ill 
a s s is t c re s t c e lls  in  fo rm a tio n  o f  th e  f i f th  [V], se v - 
e n th  [VII], n in th  [/X ], a n d  te n th  [X ] c ra n ia l se n so ry  
g a n g lia , a re  a lso  illu s tra te d .

placodes), together with neural crest, form neu­
rons of the 5th, 7th, 9th, and lOth cranial sensory 
ganglia (Fig. 17.2).

The most distinctive feature in development 
of the head and neck is the presence of pharyn­
geal arches (the oíd term for these structures is 
branchial arches because they somewhat resem- 
ble the gills [branchia] of a fish). These arches

Hyoids

Laryngeals

Pet. temp. 

Occipitals
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TABLE 17.1 Derivatives of the Pharyngeal Arches and Theír Innervation

Pharyngeal Arch Nerve Muscles Skeleton

1. M a n d ib u la r V . T r ig e m in a l:  m a x i l ­ M a s t ic a t io n  [ te m p o ra l; P re m a x illa ,  m a x illa ,
(m a x i l la r y  a n d la ry  a n d  m a n d ib ­ m a s s e te r ,  m e d ia l, la te ra l z y g o m a t ic  b o n e ,
m a n d ib u la r
p ro c e s s e s ]

u la r  d iv is io n s p te ry g o id s ] ;  m y io h y o id ,  
a n te r io r  b e lly  o f  d ig a s -  
t r ic ,  te n s o r  p a la t in e , t e n ­
s o r  ty m p a n i

p a r t  o f  te m p o ra l 
b o n e , M e c k e l c a r t i-  
la g e , m a n d ib le  m a l-  
le u s , in c u s , a n te r io r  
l ig a m e n t  o f  m a lle u s , 
s p h e n o m a n d ib u la r  
l ig a m e n t

2. H yo id V II. Fac ia l F a c ia l e x p re s s io n  [b u c c ín a -  
to r ,  a u r ic u la r is ,  f ro n ta lis ,  
p la ty s m a , o rb ic u la r is  o r is , 
o rb ic u la r is  o c u li]  p o s ­
te r io r  b e lly  o f  d ig a s tr ic ,  
s ty io h y o id ,  s ta p e d iu s

S ta p e s , s ty lo id  p ro c e s s , 
s ty io h y o id  lig a m e n t,  
le s s e r  h o rn  a n d  
u p p e r  p o r t io n  o f 
b o d y  o f  h y o id  b o n e

3. IX. G lo s so p h a ryn g e a l S ty lo p h a ry n g e u s G re a te r  h o rn  a n d  lo w e r  
p o r t io n  o f  b o d y  o f  
h y o id  b o n e

4 - 6 X. V a g u s
■ S u p e r io r  la ry n g e a l 

b ra n c h  [n e rv e  to  
fo u r th  a rc h ]

■ R e c u r re n t  la ­
ry n g e a l b ra n c h  
(n e rv e  to  
s ix th  a rc h ]

C r ic o th y ro id ,  le v a to r  
p a la t in e ,  c o n s t r ic to r s  o f  
p h a ry n x  

In tr in s ic  m u s c le s  o f  la ry n x

L a ry n g e a l c a r t í la g e s  
( th y ro id ,  c r ic o id , a ry -  
te n o id ,  c o rn ic u la te ,  
c u n e ifo rm )

appear in the fourth and fifth weeks of develop- 
ment and contribute to the characteristic exter- 
nal appearance of the embiyo (Table 17.1 and 
Fig. 17.3). Initially, they consist of bars of mes- 
enchymal tissue separated by deep clefts known 
as pharyngeal cleñs (Fig. 17.3C; see also Fig.
17.6). Simultaneously, with development of the 
arches and clefts, a number of outpocketings,

the pharyngeal pouches, appear along the lat­
eral walls of the pharynx, the most cranial part 
of the foregut (Fig. 17.4; see also Fig. 17.6). The 
pouches penetrate the surrounding mesen- 
chyme but do not establish an open communi- 
cation with the external clefts (Fig. 17.6). Henee, 
although development of pharyngeal arches, 
clefts, and pouches resembles formation of gills

Pericard ial 
bulge

C ut edge 
o f am nion

C ran ia l neuropore
1st and 2nd 
pharyngea l 

arches
\

V ite lline
duct

C o n n e c t in g - ^  
s ta lk  -

O tic p lacode

Caudal
neuropore

Lens 
p lacode

H eart 
bulge 

U m b ilic a l-^  
cord

Pharyngeal 
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c le fts

Pericard ial
sweiling

Limb
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FIGURE 17.3 D e ve lo p m e n t o f  th e  p h a ryn g e a l a rches . A. 25 days. B. 28  days. C. 5 w eeks.
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Pharyngeal pouches

4th aortic  
arch

6th aortic  
arch

Esophagus

Dorsal
aorta

T rachea  and lung bud

FIGURE 17.4 P h a ryn g e a l p o u ch e s  as o u tp o c k e tin g s  o f th e  fo re g u t and  th e  p r im o rd iu m  o f  th e  th y ro id  g la n d  
and  a o r t ic  a rchas .

in fishes and amphibians, in the human embryo, 
real gills are never formed. Therefore, the term 
pharyngeal (arches, clefts, and pouches) has 
been adopted for the human embryo.

Pharyngeal arches not only contribute to for- 
mation of the neck but also play an important 
role in formation of the face. At the end of the 
fourth week, the center of the face is formed by 
the stomodeum, surrounded by the first pair of 
pharyngeal arches (Fig. 17.5). When the embryo 
is 42 days oíd, five mesenchymal prominences 
can be recognized: the mandibular promi­
nences (first pharyngeal arch), caudal to the sto­
modeum; the maxÜlary prominences (dorsal 
portion of the first pharyngeal arch), lateral to 
the stomodeum; and the frontonasal promi- 
nence, a slightly rounded elevation cranial to 
the stomodeum. Development of the face is later 
complemented by formation of the nasal prom­
inences (Fig. 17.5). In all cases, differentiation of 
structures derived from arches, pouches, clefts, 
and prominences is dependent on epithelial- 
mesenchymal interactions.

■  PHARYNGEAL ARCHES___________

Each pharyngeal arch consists of a core of mes­
enchymal tissue covered on the outside by sur- 
face ectoderm and on the inside by epithelium 
of endodermal origin (Fig. 17.6). In addition to 
mesenchyme derived from paraxial and lateral 
píate mesoderm, the core of each arch receives

substantial numbers of neural crest cells, which 
migrate into the arches to contribute to skeletal 
components of the face. The original mesoderm 
of the arches gives rise to the musculature of the 
face and neck. Thus, each pharyngeal arch is char- 
acterized by its own muscular components. The 
muscular components of each arch have their 
own cranial nerve, and wherever the muscle cells 
migrate, they carry their nerve component with 
them (Figs. 17.6 and 17.7). In addition, each arch 
has its own arterial component (Figs. 17.4 and
17.6). (Derivatives of the pharyngeal arches and 
their nerve supply are summarized in Table 17.1.)

First Pharyngeal Arch
The first pharyngeal arch consists of a dorsal 
portion, the maxillary process, which extends 
forward beneath the región of the eye, and a 
ventral portion, the mandibular process, which 
contains Meckel’s cartUage (Figs. 17.5 and 
17.8A). During further development, Meckel’s 
cartilage disappears except for two small por- 
tions at its dorsal end that persist and form 
the incus and malleus (Figs. 17.85 and 17.9). 
Mesenchyme of the maxillary process gives rise 
to the premaxUla, maxilla, zygomatic bone, and 
part of the temporal bone through membranous 
ossification (Fig. 17.85). The mandible is also 
formed by membranous ossification of mesen­
chymal tissue surrounding Meckel’s cartilage. In 
addition, the first arch contributes to formation 
of the bones of the middie ear (see Chapter 19).
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Frontonasal p rom inence

M ax illa ry  p rom inence 
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M and ibu la r arch
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FIGURE 17.5 A. F ro n ta l v ie w  o f  an e m b ry o  o f  a p p ro x im a te ly  24  days. T he s to m o d e u m , te m p o ra r ily  c lo se d  by 
th e  o ro p h a ry n g e a l m e m b ra n e , is  s u rro u n d e d  b y  f iv e  m e s e n c h y m a l p ro m in e n ce s . B. F ro n ta l v ie w  o f  an e m ­
b ry o  a t  a p p ro x im a te ly  3 0  d a ys  s h o w in g  ru p tu re  o f  th e  o ro p h a ry n g e a l m e m b ra n e  a n d  fo rm a tio n  o f  th e  nasa l 
p la co d e s  on th e  fro n to n a s a l p ro m in e n c e . C. P h o to g ra p h  o f  a h u m a n  e m b ry o  a t  a s ta g e  [2 8  d a ys ] s im ila r  to  
th a t  s h o w n  in (B).

Musculature of the first pharyngeal arch in- 
cludes the muscles of mastication (temporalis, 
masseter, and pterygoids), anterior belly of the 
digastric, mylohyoid, tensor tympani, and ten­
sor palatini. The nerve supply to the muscles 
of the first arch is provlded by the mandibu­
lar branch of the trigeminal nerve (Fig. 17.7). 
Because mesenchyme from the first arch also 
contributes to the dermis of the face, sensory 
supply to the skin of the face is provided by oph- 
thalmic, maxUlary, and mandibular branches 
of the trigeminal nerve.

Muscles of the arches do not always attach to 
the bony or cartilaginous components of their 
own arch but sometimes mígrate into surrounding

regions. Nevertheless, the origin of these muscles 
can always be traced because their nerve supply is 
derived from the arch of origin.

Second Pharyngeal Arch
The cartilage of the second or hyoid arch 
(Reichert’s cartilage) (Fig. 17.8B) gives rise 
to the stapes, styloid process of the temporal 
bone, stylohyoid ligament, and ventrally, the 
lesser horn and upper part of the body of the 
hyoid bone (Fig. 17.9). Muscles of the hyoid 
arch are the stapedius, stylohyoid, posterior 
belly of the digastric, auricular, and muscles 
of facial expression. The facial nerve, the nerve 
of the second arch, supplies all of these muscles.
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A rte ry
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FIGURE 17.6 D ra w in g  s h o w s  th e  p h a ry n g e a l a rch e s  c u t in  c ro ss  se c tio n . Each a rch  c o n s is ts  o f  a m e se n - 
c h y m a l co re  d e riv e d  fro m  m e s o d e rm  and  n e u ra l c re s t ce lls  a n d  each  is lined  in te rn a lly  b y  e n d o d e rm  and 
e x te rn a lly  b y  e c to d e rm . Each a rch  a iso  c o n ta in s  an a r te ry  [one  o f  th e  a o r t ic  a rch e s ] and  a c ra n ia l n e rve  and 
each  w ill c o n tr ib u te  s p e c ific  ske le ta l and  m u s c u la r c o m p o n e n ts  to  th e  head  a n d  neck. B e tw e e n  th e  a rches  
a re  p o u ch e s  on th e  in n e r s u rfa c e  a n d  c le fts  e x te rn a lly .

T rigem ina l gang lion

nerve V nerve

FIGURE 17.7 Each p h a ryn g e a l a rch  is s u p p lie d  b y  its  o w n  c ra n ia l ne rve . T he tr ig e m in a l n e rve  s u p p iy in g  th e  
f ir s t  p h a ry n g e a l a rch  has  th re e  b ra n ch e s : th e  o p h th a lm ic , m a x illa ry , and  m a n d ib u la r. T he  ne rve  o f  th e  se c - 
o n d  a rch  is th e  fa c ia l ne rve ; th a t  o f  th e  th ird  is th e  g lo s s o p h a ry n g e a l ne rve . T he m u s c u la tu re  o f  th e  fo u r th  
a rch  is s u p p lie d  b y  th e  s u p e r io r  la ry n g e a l b ra n ch  o f  th e  v a g u s  ne rve , and  th a t  o f th e  s ix th  a rch , b y  th e  re c u r-  
re n t b ra n c h  o f  th e  v a g u s  ne rve .
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M axilla ry

FIGURE 17.8 A. La te ra l v ie w  o f  th e  head and  n e ck  re g ió n  d e m o n s tra tin g  th e  c a rtila g e s  o f  th e  p h a ryn g e a l 
a rch e s  p a rt ic ip a tin g  in fo rm a tio n  o f  th e  b o n e s  o f  th e  fa ce  a n d  neck. B. V a rio u s  c o m p o n e n ts  o f  th e  p h a ry n ­
gea l a rch e s  la te r  in d e v e lo p m e n t. S om e o f  th e  c o m p o n e n ts  o ss ify ; o th e rs  d is a p p e a r o r b e co m e  lig a m e n to u s . 
T he m a x illa ry  p ro ce ss  a n d  M e cke l’s  c a rtila g e  a re  re p la ce d  b y  th e  m a x illa  and  m a n d ib le , re s p e c tiv e ly , w h ic h  
d e v e lo p  b y  m e m b ra n o u s  o ss ific a tio n .

Third Pharyngeal Arch
The cartilage of the third pharyngeal arch pro­
duces the lower part of the body and greater horn 
of the hyoid bone (Fig. 17.9). The musculature 
is limited to the stylopharyngeus muscles. These 
muscles are innervated by the glossopharyngeal 
nerve, the nerve of the third arch (Fig. 17.7).

Fourth and Sixth Pharyngeal Arches
Caitilaginous components of the fourth and 
sixth pharyngeal arches fuse to form the thyroid, 
cricoid, arytenoid, corniculate, and cuneiform 
cartilages of the larynx (Fig. 17.9). Muscles of the 
fourth arch (cricothyroid, levator palatini, and 
constrictors of the pharynx) are innervated by
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FIGURE 17.9 D e fin itive  s tru c tu re s  
fo rm e d  b y  th e  c a rtila g in o u s  c o m - 
p o n e n ts  o f  th e  v a rio u s  p h a ry n - 
gea l a rches.

M alleuS ' Incus 

Stapes

S ty lo id  process

S ty iohyo id  ligam ent

Lesser horn o f hyoid bone 

G rea te r horn o f hyoid bone

T hyro id  ca rtilage  

C rico id  ca rtilage  | ' j

T rachea l rings •

the superior laryngeal branch of the vagus, the 
nerve of the fourth arch. Intrinsic muscles of the 
laiynx are supphed by the recurrent laryngeal 
branch of the vagus, the nerve of the sixth arch.

■  PHARYNGEALPOUCHES__________

The human embryo has four pairs of pharyn- 
geal pouches; the fifth is rudimentary (Figs. 17.6 
and 17.10). Because the epithelial endodermal

lining of the pouches gives rise to a number of 
important organs, the fate of each pouch is dis- 
cussed separately. Derivatives of the pharyngeal 
pouches are summarized in Table 17.2, p. 285.

First Pharyngeal Pouch
The first pharyngeal pouch forms a stalk-like 
diverticulum, the tubotympanic recess, which 
comes in contact with the epithelial lining of 
the first pharyngeal cleft, the future external

Mandibular
process Foramen cecum

Pharyngeal, 
clefts

Epicardia
ridge

Pharyngeal
pouches

Laryngeal
orillee

Primitive 
tympanic 

cavity. 
External 
auditory. 
meatus 
Palatino 

tonsil 
Parathyroid J 

gland (inferior) 
Cervical, 

sinus 
Thymus-

Parathyroid 
gland (superior)

Ultimobranchial
body

Auditorv tube Foramen cecum

B

Pharyngeal
pouches

Laryngeal
orífice

FIGURE 17.10 A. D e v e lo p m e n t o f  th e  p h a ry n g e a l c le fts  a n d  po u ch e s . T he s e co n d  a rch  g ro w s  o v e r th e  th ird  
and  fo u r th  a rches, b u ry in g  th e  se co n d , th ird , a n d  fo u r th  p h a ry n g e a l c le fts . B. R e m n a n ts  o f th e  se cond , 
th ird , and  fo u r th  p h a ry n g e a l c le fts  fo rm  th e  ce rv ica l s inus , v^^hich Is n o rm a lly  o b lite ra te d . N o te  th e  s tru c tu re s  
fo rm e d  b y  th e  v a r io u s  p h a ryn g e a l pouches .
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TABLE 17.2

Pouches
Derívatives of the Pharyngeal

Pharyngeal Derívatives
Pouch

1 T y m p a n ic  [m id d le  e a r)  c a v ity
A u d ito r y  (e u s ta c h ia n ] tu b e

2 P a la t in e  to n s ils
T o n s il la r  fo s s a

3 In fe r io r  p a ra th y ro id  g la n d
T h y m u s

4 S u p e r io r  p a ra th y ro id  g la n d
u lt im o b ra n c h ia i b o d y
[p a ra fo ll ic u la r  [C ] c e lls  o f
th e  th y r o id  g la n d ]

auditory meatus (Fig. 17.10). The distal por- 
tion of the diverticulum widens into a sac-like 
structure, the primitive tympanic or middle ear 
cavity, and the proximal part remains narrow, 
forming the auditory (eustachian) tube. The 
lining of the tympanic cavity later aids in for- 
mation of the tympanic membrana or eardrum 
(see Chapter 19).

Second Pharyngeal Pouch
The epithelial lining of the second pharyngeal 
pouch proliferates and forms buds that pen- 
etrate into the surrounding mesenchyme. The 
buds are secondarily invaded by mesodermal 
tissue, forming the primordium of the palatina 
tonsils (Fig. 17.10). During the third and fifth

months, the tonsil is infiltrated by lymphatic tis­
sue. Part of the pouch remains and is found in 
the adult as the tonsillar fossa.

Third Pharyngeal Pouch
The third and fourth pouches are characterized 
at their distal extremity by a dorsal and a ventral 
wing (Fig. 17.10). In the fifth week, epithelium 
of the dorsal región of the third pouch diífer- 
entiates into the inferior parathyroid gland, 
whereas the ventral región forms the thymus 
(Fig. 17.10). Both gland primordia lose their 
connection with the pharyngeal wall, and the 
thymus then migrates in a caudal and a medial 
direction, pulling the inferior parathyroid with 
it (Fig. 17.11). Although the main portion ofthe 
thymus moves rapidly to its final position in the 
anterior part of the thorax, where it fuses with its 
counterpart from the opposite side, its tail por­
tion sometimes persists either embedded in the 
thyroid gland or as isolated thymic nests.

Growth and development of the thymus 
continué until puberty. In the young child, the 
thymus occupies considerable space in the tho­
rax and lies behind the sternum and anterior to 
the pericardium and great vessels. In older per- 
sons, it is difficult to recognize because it is atro- 
phied and replaced by fatty tissue.

The parathyroid tissue of the third pouch fi- 
nally comes to rest on the dorsal surface of the 
thyroid gland and forms the inferior parathy­
roid gland (Fig. 17.11).

Primitive
tympanic

cavity

External
auditory
meatus

Palatine tonsil -

Superior 
parathyroid gland -  
(from 4th pouch)

Inferior 
parathyroid gland 
(from 3rd pouch)

Ultimobranchiai body

Auditory
tube

Ventral side 
of pharynx

Foramen
cecum

Thyroid
gland

Thymus Foregut

FIGURE 17.11 M ig ra tio n  o f  th e  th y ­
m us, p a ra th y ro id  g lands , and  u l- 
t im o b ra n c h ia l body . The th y ro id  
g la n d  o rig in a te s  in th e  m id lin e  a t 
th e  leve l o f th e  fo ra m e n  ce cu m  and 
d e sce n d s  to  th e  leve l o f th e  f ir s t  
t ra c h e a l rings.
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Fourth Pharyngeal Pouch
Epithelium of the dorsal región of the fourth pha­
ryngeal pouch forms the superior parathyroid 
gland. When the parathyroid gland loses contad 
with the wall of the pharynx, it attaches itself to the 
dorsal surface of the caudally migrating thyroid 
as the superior parathyroid gland (Fig. 17.11). 
The ventral región of the fourth pouch gives rise 
to the ultimobranchial body, which is later in- 
corporated into the thyroid gland. Cells of the 
ultimobranchial body give rise to the parafollic- 
ular, or C, cells of the thyroid gland. These cells 
secrete calcitonin, a hormone involved in regula- 
tion of the calcium level in the blood (Table 17.2).

■  PHARYNGEALCLEFTS

The 5-week embryo is characterized by the 
presence of four pharyngeal clefts (Fig. 17.6), 
of which oniy one contributes to the definitive 
structure of the embryo. The dorsal part of the 
first cleft penetrates the underlying mesenchyme 
and gives rise to the external auditory meatus 
(Figs. 17.10 and 17.11). The epithelial lining at 
the bottom of the meatus participates in forma- 
tion of the eardrum (see Chapter 19).

Active proliferation of mesenchymal tissue 
in the second arch causes it to overlap the third 
and fourth arches. Finally, it merges with the 
epicardial ridge in the lower part of the neck 
(Fig. 17.10), and the second, third, and fourth 
clefts lose contact with the outside (Fig. 17.10B). 
The clefts form a cavity lined with ectodermal 
epithelium, the cervical sinus, but with further 
development, this sinus disappears.

■  MOLECULAR REGULATION OF 
FACIAL DEVELOPMENT___________

Neural crest ceUs arise from neuroepithelial 
cells adjacent to the surface ectoderm aU along 
the edges of the neural folds. Bone morphoge- 
netic protein (BMP) signaling is important in 
establishing this edge región and then regulates 
WNTl expression to cause prospective crest cells 
to undergo an epithelial-to-mesenchymal tran- 
sition and begin their migration into the sur- 
rounding mesenchyme (see Chapter 6 , p. 75). In 
the hindbrain, crest cells origínate in a specific 
pattern from segments called rhombomeres 
(Fig. 17.12). There are eight of these segments 
in the hindbrain (R1-R8), and neural crest cells

H0XA3, H0XB3, H0XD3

FIGURE 17.12 D ra w in g  s h o w in g  th e  p a th w a y s  o f  n e u ra l c re s t ce ll m ig ra tio n  fro m  t l ie  c ra n ia l n e u ra l fo ld s  
in to  th e  fa ce  and  p h a ry n g e a l a rch e s . F rom  th e  h in d b ra in  re g ió n , c re s t ce lls  m ig ra te  fro m  s e g m e n ts  ca lle d  
rh o m b o m e re s . R h o m b o m e re s  e xp re ss  a s p e c ific  p a tte rn  o f HOX g e n e s  [th e  m id b ra in  and  rh o m b o m e re s  1 
and  2 e x p re s s  th e  h o m e o d o m a in -c o n ta in in g  tra n s c r ip t io n  fa c to r  0TX 2; see a iso  Fig. 18.31], a n d  n e u ra l c re s t 
ce lls  c a rry  th e s e  e x p re s s io n  p a tte rn s  in to  th e  p h a ry n g e a l a rches. A Iso , n o tic e  th a t  th e re  a re  th re e  s tre a m s  o f 
c re s t ce lls  a n d  th a t  rh o m b o m e re s  3  and  5 do  n o t c o n tr ib u te  m a n y  [ if  a n y ] ce lls  to  th e s e  s tre a m s . T he th re e  
s tre a m s  a re  im p o r ta n t  b e cause  th e y  p ro v id e  g u id a n c e  cu e s  fo r  c ra n ia l n e rve s  g ro w in g  back  fro m  th e ir  g a n - 
g lia  to  e s ta b lis h  c o n n e c tio n s  in th e  h in d b ra in  [see  a iso  Fig. 18.40].
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from specific segments migrate to popúlate spe- 
cific phaiyngeal arches. These crest cells migrate 
in three streams: Those from R1 and R2 migrate 
to the first arch along with crest cells from the 
caudal midbrain región; crest from R4 migrate 
to the second arch; and cells from R6 and R7 mi- 
grate to arches 4 to 6 (Fig. 17.12). Segregation of 
the three streams is assisted by the fact that very 
few crest cells form from R3 and R5 segments 
and those that do enter adjoining streams of cells 
to migrate. Three distinct streams are important 
because they provide axonal guidance cues for 
axons from ganglia forming in the head and neck 
región, including the trigeminal, geniculate, ves- 
tibuloacoustic, petrosal, and nodose ganglia. 
These ganglia are formed from a combination of 
crest cells and cells from placodes in this región 
(see Chapter 18). Axons from the trigeminal 
ganglion enter the hindbrain at R2; those from 
the geniculate and vestibuloacoustic at R4; and

those from the petrosal and nodose at R6 and R7, 
thus accounting for three streams of crest cells. 
No axons project to R3 or R5.

Neural crest cells that popúlate the pha- 
ryngeal arches form the skeletal components 
characteristic of each arch. Previously, it was 
thought that neural crest cells regulated pattern- 
ing of these skeletal elements, but now, it is clear 
that this process is controlled by pharyngeal 
pouch endoderm. Formation of the pharyngeal 
pouches occurs prior to neural crest migration 
and takes place even in the absence of crest cells. 
Pouches are formed by migration of endoderm 
cells laterally, and this migration is stimulated 
by fibroblast growth factors (FGFs). As pouches 
form, they express a very characteristic pattern 
of genes (Fig. 17.13). BMP7 is expressed in the 
posterior endoderm of each pouch; FGFS lies 
in the anterior endoderm; and PAXl expres- 
sion is restricted to the dorsalmost endoderm of

Pharyngeal 
pouch

■ BM P7

□ FGF8

□ PAXl

□ SHH
BM P7
FGF8
SHH

Spina l cord

■  0 T X 2
□  H 0X A 2
□  H 0X A 3 , B3, D3

FIGURE 17.13 A,B- D ra w in g s  sh o w in g  th e  gen e  e x p re s s io n  p a tte rn s  in  p h a ry n g e a l a rch  e n d o d e rm  and  m e s - 
en ch ym e . E n d o d e rm  is re s p o n s ib le  fo r  p a tte rn in g  th e  s k e le ta l d e r iv a tiv e s  o f th e  a rch e s , b u t th e  re sp o n se  o f 
th e  m e s e n c h y m e  to  th e s e  s ig n á is  is d ic ta te d  b y  th e  g e n e s  th a t  th e  m e s e n c h y m e  exp re sse s . G ene e x p re s ­
s ion  in  th e  e n d o d e rm  o f  th e  p o u ch e s  s h o w s  a s p e c ific  p a tte rn : F ib ro b la s t g ro w th  fa c to r  8  [FGFS] is e xp re sse d  
in  th e  a n te r io r  re g ió n  o f  each  p o u c h  w ith  b o n e  m o rp h o g e n e tic  p ro te in  7 [BMP7] e x p re s s e d  in th e  p o s te r io r  
re g ió n ; s o n ic  h e d g e h o g  [SHH] is  e xp re sse d  in th e  p o s te r io r  re g ió n  o f  p o u c h e s  2 and  3, w h e re a s  PAXl is  e x ­
p re sse d  in th e  d o rs a lm o s t a rea  o f  each  p o u ch  (A,B). M e se n ch ym a l e x p re s s io n  p a tte rn s  a re  e s ta b lis h e d  by 
n e u ra l c re s t ce lls  th a t  m ig ra te  in to  th e  a rc h e s  a n d  c a rry  th e  g e n e tic  co d e  fro m  th e ir  rh o m b o m e re s  o f o r ig in  
[o r a iso  fro m  th e  m id b ra in  in  th e  case  o f  th e  f ir s t  a rch ] to  th e  a rch e s  (B) (see a iso  Figs. 17.12 and  18.31],
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each pouch. In addition, SONIC HEDGEHOG 
(SHH) is expressed in the posterior endoderm 
of the second and third pouches. These expres- 
sion patterns then regúlate diíFerentiation and 
patterning of pharyngeal arch mesenchyme into 
specific skeletal structures. This process, how- 
ever, is also dependent on the mesenchyme and 
represents another example of an epithehal- 
mesenchymal interaction. In this case, the 
response of the mesenchyme to endodermal 
signáis is dependent on transcription factors 
expressed in that mesenchyme. These transcrip­
tion factors include HOX genes and others car- 
ried by neural crest cells into the arches. Crest 
cells acquire their specific gene expression pat­
terns from the rhombomeres of their origin 
(Fig. 17.12). The pattern of rhombomeres itself 
is established by a nested code of HOX gene ex­
pression in the hindbrain (see Chapter 18) that 
crest cells carry with them when they migrate. 
The first arch is HOX-negative but does express

0TX2, a homeodomain-containing transcrip­
tion factor that is expressed in the midbrain; the 
second arch expresses H0XA2; and arches 3 to 6 
express members of the third paralogous group 
of HOX genes, H0XA3, H0XB3, and H0XD3 
(Fig. 17.13B). The diíferent expression patterns 
of these transcription factors allow each arch to 
respond differently to signáis emanating from 
pouch endoderm, such that the first arch forms 
the maxilla and mandible, the second arch, the 
hyoid bone, etc.

The remainder of the skeleton of the face, 
the mid and upper facial regions, also is derived 
from neural crest cells that migrate into the fron- 
tonasal prominence (Fig. 17.12). In this región, 
signáis emanating from the surface ectoderm 
and the underlying areas of the neuroepithe- 
lium díctate the fate of the mesenchyme. Again, 
it appears that SHH and FGF8 play major roles 
in patterning this area, but the specific genetic 
interactions are not known.

Clinical Correlates

Birth Defects Involving the 
Pharyngeal Región
Ectopic Thymic and Parathyroid Tissue 
B e c a u s e  g la n d u la r  t is s u e  d e r iv e d  f r o m  th e  
p o u c h e s  u n d e rg o e s  m ig ra t io n ,  i t  is  n o t  u n u s u a l 
fo r  a c c e s s o ry  g la n d s  o r  r e m n a n ts  o f  t is s u e  to  
p e rs is t  a lo n g  th e  p a th w a y .  T h is  is  t r u e  p a r t ic u -  
la r ly  f o r  th y m ic  t is s u e , w h ic h  m a y  re m a in  in  
th e  n e c k , a n d  fo r  th e  p a ra th y ro id  g la n d s . T h e  
in fe r io r  p a r a th y r o id s  a re  m o re  v a r ia b le  in  p o -  
s i t io n  th a n  th e  s u p e r io r  o n e s  a n d  a re  s o m e -  
t im e s  fo u n d  a t  th e  b i fu r c a t io n  o f  t h e  c o m m o n  
c a ro t id  a r te ry .

Branchial Fístulas
Branchial fístulas o c c u r  w h e n  th e  s e c o n d  
p h a ry n g e a l a rc h  fa i ls  t o  g r o w  c a u d a lly  o v e r  
t h e  th i r d  a n d  fo u r th  a rc h e s , le a v in g  re m ­
n a n ts  o f  th e  s e c o n d , th ir d ,  a n d  fo u r th  c le f ts  
in  c o n ta c t  w ith  th e  s u r fa c e  b y  a n a r ro w  c a n a l 
(F ig . 17.14/4]. S u c h  a f is tu la ,  fo u n d  o n  th e  la t ­
e ra l a s p e c t  o f  th e  n e c k  d ir e c t ly  anterior to  
t h e  sternocleidomastoíd muscle, u s u a lly  
p ro v id e s  d ra in a g e  f o r  a  lateral cervical cyst 
(F ig . 17 .146]. T h e s e  c y s ts ,  r e m n a n ts  o f  th e  c e r ­
v ic a l s in u s , a re  m o s t  o f te n  ju s t  b e lo w  th e  a n g le  
o f  th e  ja w  (F ig . 17.15], a l th o u g h  t h e y  m a y  be

L

fo u n d  a n y w h e re  a lo n g  th e  a n te r io r  b o rd e r  o f  
th e  s te rn o c le id o m a s to id  m u s c le . F re q u e n t ly ,  
a la te ra l c e rv ic a l c y s t  is  n o t  v is ib le  a t  b ir th  
b u t  b e c o m e s  e v id e n t  a s  i t  e n la rg e s  d u r in g  
c h ild h o o d .

Internal branchial fístulas a re  ra re ; th e y  
o c c u r  w h e n  th e  c e rv ic a l s in u s  is  c o n n e c te d  
to  th e  lu m e n  o f  th e  p h a ry n x  b y  a  s m a ll c a n a l, 
w h ic h  u s u a lly  o p e n s  in  th e  to n s i l la r  re g ió n  
(F ig . 17.14C]. S u ch  a f is tu la  re s u lts  f r o m  a ru p -  
t u r e  o f  th e  m e m b ra n e  b e tw e e n  th e  s e c o n d  
p h a ry n g e a l c le f t  a n d  p o u c h  a t  s o m e  t im e  d u r ­
in g  d e v e lo p m e n t .

Neural Crest Cells and Craniofacial Defects 
Neural crest cells (F ig . 17.2] a re  e s s e n t ia l f o r  
fo r m a t io n  o f  m u c h  o f  th e  c ra n io fa c ia l re g ió n . 
C o n s e q u e n t ly ,  d is r u p t io n  o f  c r e s t  c e ll d e v e l­
o p m e n t  re s u lts  in  c ra n io fa c ia l m a lfo rm a t io n s .  
B e c a u s e  n e u ra l c re s t  c e lls  a ls o  c o n t r ib u te  to  
th e  conotruncal endocardial cushions, w h ic h  
s e p ta te  th e  o u t f io w  t r a c t  o f  th e  h e a r t  in to  
p u lm o n a r y  a n d  a o r t ic  c h a n n e is ,  m a n y  in fa n ts  
w it h  c ra n io fa c ia l d e fe c ts  a ls o  h a v e  c a rd ia c  
a b n o rm a lit ie s ,  in c lu d in g  p e r s is te n !  t r u n c u s  a r -  
te r io s u s ,  te t r a lo g y  o f  F a llo t ,  a n d  t r a n s p o s it io n  
o f  th e  g r e a t  v e s s e ls . U n fo r tu n a te ly ,  c r e s t  c e lls
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FIGURE 17.14 A. L a te ra l ce rv ica l c y s t  o p e n in g  a t  th e  s ide  o f th e  neck  b y  v^^ay o f  a f is tu la . B. L a te ra l c e rv i­
ca l c y s ts  a n d  fís tu la s  a n te r io r  to  th e  s te rn o c le id o m a s to id  m u sc le . N o te  a iso  th e  re g ió n  o f  p re a u r ic u la r 
fís tu la s . C. A  la te ra l ce rv ica l c y s t o p e n in g  in to  th e  p h a ry n x  a t  th e  leve l o f th e  p a la tin e  to n s il.

FIGURE 17.15 P a tie n t w ith  a la te ra l ce rv ica l cys t. 
T hese  c y s ts  a re  a lw a y s  on th e  la te ra l s id e  o f  th e  
n e ck  in f r o n t  o f th e  s te rn o c le id o m a s to id  m usc le . 
T hey  c o m m o n ly  lie u n d e r th e  a n g le  o f  th e  m a n ­
d ib le  a n d  do  n o t e n la rg e  u n til la te r  in life.

a p p e a r  t o  b e  a p a r t ic u la r ly  v u ln e ra b le  c e ll 
p o p u la t ío n  a n d  a re  e a s i ly  k i lle d  b y  c o m p o u n d s  
s u c h  a s  a lc o h o l a n d  re t ín o ic  a c id . E x a m p le s  
o f  c ra n io fa c ia l d e fe c ts  ín v o lv in g  c r e s t  c e lls  in -  
c lu d e  th e  fo l lo w in g .

Treacher Collins syndrome (mandibulo- 
facial dysostosis] is  a  ra re  a u to s o m a l d o m i-  
n a n t  d is o rd e r  o c c u r r in g  in  1 /5 0 ,0 0 0  lív e  b ír th s  
w ith  5 0 %  o f  c a s e s  a r is in g  a s  n e w  m u ta t io n s .  
T h e  s y n d ro m e  is  c h a ra c te r iz e d  b y  h y p o p la -  
s ia  o f  th e  m a x illa ,  m a n d ib le ,  a n d  z y g o m a tíc  
a rc h e s , w /h ích  m a y  b e  a b s e n t.  C le f t  p a la te  is  
c o m m o n  a s  a re  e x te rn a l e a r  d e fe c ts  a c c o m -  
p a n ie d  b y  a t re s ia  o f  th e  a u d i to r y  c a n a ls  a n d  
a b n o rm a li t ie s  o f  th e  m id d ie  e a r  o s s ic le s , s u c h  
t h a t  b i la te ra l c o n d u c t iv e  h e a r ín g  lo s s  is  o f te n  
p re s e n t .  T h e  e y e s  a re  u s u a lly  in v o lv e d  w ith  
d o w n - s la n t in g  p a lp e b ra l f ís s u re s  a n d  lo w e r  
e y e lid  c o lo b o m a s . M u ta t io n s  in  th e  TC0F1 
g e n e  (5 q 3 2 ) a re  re s p o n s íb le  f o r  m o s t  c a se s . 
T h e  p ro d u c t  o f  th is  g e n e  is  a  n u c le o la r  p ro te in  
c a lle d  treacle t h a t  a p p e a rs  t o  b e  n e c e s s a ry  fo r  
p r e v e n t in g  a p o p to s is  a n d  m a ín ta in in g  p r o l i f -  
e ra t io n  in  n e u ra l c r e s t  c e lls  b u t  n o t  f o r  re g u -  
la t in g  t h e i r  m ig ra t io n ,  w h ic h  o c c u rs  n o rm a lly .  
A l th o u g h  m o s t  c a s e s  o f  th e  s y n d ro m e  a re

[continuedj
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d u e  to  g e n e t ic  m u ta t io n s ,  p h e n o c o p ie s  c a n  
b e  p ro d u c e d  in  la b o r a to r y  a n im a ls  fo l lo w in g  
e x p o s u re  t o  te r a to g e n ic  d o s e s  o f  r e t in o ic  a c id , 
s u g g e s t in g  t h a t  s o m e  c a s e s  in  h u m a n s  m a y  be  
c a u s e d  b y  te ra to g e n s .

Robin sequence m a y  o c c u r  in d e p e n d e n t ly  
o r  in  a s s o c ia t io n  w it h  o th e r  s y n d ro m e s  a n d

m a lfo rm a t io n s .  L ik e  T re a c h e r  C o llin s  s y n -  
d ro m e , R o b in  s e q u e n c e  a lte r s  f i r s t - a r c h  s t r u c -  
tu re s ,  w it h  d e v e lo p m e n t  o f  t h e  m a n d ib le  m o s t  
s e v e re ly  a f fe c te d .  In fa n ts  u s u a l ly  h a v e  a t r ia d  
o f  m ic ro g n a th ia ,  c le f t  p a la te ,  a n d  g lo s s o p to -  
s is  (p o s te r io r ly  p la c e d  to n g u e ]  (F ig . 17.16A). 
R o b in  s e q u e n c e  m a y  b e  d u e  t o  g e n e t ic  o r

FIGURE 17.16 P a tien ts  w ith  c ra n io fac ia l d e fe c ts  th o u g h t to  a rise  fro m  in su lts  to  neu ra l c re s t cells. A. Robin 
sequence. N ote  th e  v e ry  sm a ll m a n d ib le  [m ic ro g n a th ia ) th a t  keeps th e  to n g u e  fro m  “d ro p p in g ” o u t  o f th e  
w a y  o f th e  pa la ta l she lves  re su ltin g  in c le ft  pa la te . B,C. E xam p les  o f  22q11.2 d e le tio n  synd rom e : D iGeorge 
synd rom e . B. N ote  th e  sm a ll m o u th , n e a rly  sm o o th  p h iltru m , m ic ro g n a th ia , p ro m in e n t nasal b ridge , and  p o s ­
te r io r ly  ro ta te d  ears; V e lo -ca rd io -fa c ia l synd rom e . C. This p a tie n t show s m ild  fac ia l d ysm o rp h o lo g y , inc lu d in g  
m ild  m a la r hypop las ia , m ic ro g n a th ia , p ro m in e n t u p p e r lip, and la rge  ears. D. H em ifac ia l m ic ro so m ia  [o cu lo a u - 
r icu lo ve rte b ra l sp e c tru m , o r G o ldenha r syn d ro m e ]. N ote  th e  a b n o rm a l ea r w ith  sk in  ta g s  and  th e  sm a ll ch in.
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e n v iro n m e n ta l  fa c to rs .  I t  m a y  a is o  o c c u r  a s  
a d e fo rm a t io n ,  a s  f o r  e x a m p le ,  w h e n  th e  c h in  
is  c o m p re s s e d  a g a in s t  th e  c h e s t  in  c a s e s  o f  
o lig o h y d ra m n io s .  T h e  p r im a ry  d e fe c t  in c lu d e s  
p o o r  g r o w th  o f  t h e  m a n d ib le  a n d , a s  a re s u lt ,  
a p o s te r io r ly  p la c e d  to n g u e  t h a t  fa i ls  t o  d ro p  
f r o m  b e tw e e n  th e  p a la ta l s h e lv e s , p re v e n t in g  
t h e i r  fu s ió n .  R o b ín  s e q u e n c e  o c c u rs  in  a p p r o x -  
im a te ly  1 /8 ,5 0 0  b ir th s .

22q11.2 Deletion syndrome is  th e  m o s t 
c o m m o n  d e le t io n  s y n d ro m e  in  h u m a n s  a n d  
h a s  s e v e ra l p re s e n ta t io n s ,  in c lu d in g  D IG e o rg e  
s y n d ro m e  (Fig. 17.166), D iG e o rg e  a n o m a ly , v e lo -  
c a rd io - fa c ia l s y n d ro m e  (Fig. 17.16C], S h p r in tz e n  
s y n d ro m e , c o n o tru n c a l a n o m a ly  fa c e  s y n d ro m e , 
a n d  c o n g e n ita l th y m íc  a p la s ia  a n d  h y p o p la s ia . 
T h e  d e fe c ts  a re  th e  re s u lt  o f  a  d e le t io n  o n  th e  
lo n g  a rm  o f  c h ro m o s o m e  2 2  a n d  o c c u r  in a p -  
p ro x im a te ly  1 p e r  4 ,0 0 0  b ir th s .  R e c e n t e v id e n c e  
s h o w s  th a t  m u ta t io n s  in  o n e  o f  th e  g e n e s  in  th e  
d e le t io n  in te rv a l,  TBX1 (T -b o x  D N A  b in d in g  t r a n -  
s c r ip t io n  fa c to r  1), r e s u lt  in  th e  s a m e  s y n d ro m e  
w ith o u t  a d e le t io n .  F u r th e rm o re ,  v a r ia b i l i ty  in 
re g u la t io n  o f  th e  TBX1 g e n e  m a y  e x p la in  th e  
w id e  ra n g e  o f  o b s e rv e d  p h e n o ty p e s . T h e  s y n ­
d ro m e  is  c h a ra c te r iz e d  b y  a  v a r ie ty  o f  m a lfo r -  
m a t io n s  a n d  d e g re e s  o f  s e v e r ity ,  b u t  in fa n ts  
m o s t  o f te n  p re s e n t w ith  c o n g e n ita l h e a r t  a n d  
a o r t ic  a rc h  d e fe c ts , m ild  fa c ia l d y s m o rp h o lo g y ,  
le a rn in g  d is a b ilit ie s , a n d  f r e q u e n t  in fe c t io n s  d u e  
t o  th y m ic  h y p o p la s ia  o r  a p la s ia  t h a t  d is ru p ts  th e  
im m u n e  s y s te m ’s  T  c e l l- m e d ia te d  re s p o n s e . 
M a n y  o f  th e  in fa n ts  a is o  h a v e  s e iz u re s  d u e  to

h y p o c a lc e m ía  c a u s e d  b y  a b n o rm a l d e v e lo p -  
m e n t  o f  th e  p a ra th y ro id  g la n d s . L a te r  ín life , 
th e s e  in d iv id u á is  a re  m o re  l ik e ly  t o  h a v e  m e n ­
ta l ílln e s se s , in c lu d in g  s c h iz o p h re n ia  a n d  d e -  
p re s s io n . In p a r t  o r ig in  o f  th e  d e fe c ts  is  d u e  to  
d is ru p t io n  o f  n e u ra l c re s t  c e lls  t h a t  c o n tr ib u te  
t o  m a n y  o f  th e  a f fe c te d  s tru c tu re s .  E ven  th e  
th y m u s  a n d  p a ra th y ro id  d e fe c ts  a re  re la te d  to  
n e u ra l c re s t  c e lls  b e c a u s e  th e s e  c e lls  c o n tr ib u te  
th e  m e s e n c h y m e  ín to  w h ic h  e n d o d e rm  fro m  
th e  p h a ry n g e a l p o u c h e s  m ig ra te s .  E n d o d e rm  
c e lls  f r o m  th e  p o u c h e s  m a k e  th e  th y m u s  a n d  
p a ra th y ro id  c e lls  (see  Fig. 17.10] a n d  n e u ra l c re s t 
d e r iv e d  m e s e n c h y m e  m a k e s  th e  c o n n e c t iv e  t is -  
su e . W ith o u t  th is  m e s e n c h y m e , th e  n o rm a l e p i-  
th e l ia l (e n d o d e rm a lj-m e s e n c h y m a l in te ra c t io n  
e s s e n t ia l f o r  d if fe r e n t ia t io n  o f  th e  g la n d s  d o e s  
n o t  o c c u r.

Oculoauriculovertebral spectrum (Gold- 
enhar syndrome] in c lu d e s  a n u m b e r  o f  c ra -  
n io fa c ia l a b n o rm a li t ie s  t h a t  u s u a l ly  in v o lv e  
th e  m a x il la r y ,  te m p o ra l ,  a n d  z y g o m a t íc  b o n e s , 
w h ic h  a re  s m a ll a n d  f ía t .  E a r (a n o t ia ,  m ic ro -  
t ia ) ,  e y e  ( tu m o rs  a n d  d e rm o id s  in  th e  e y e -  
b a ll] ,  a n d  v e r te b r a l  ( fu s e d  a n d  h e m iv e r te b ra e ,  
s p ín a  b if id a ]  d e fe c ts  a re  c o m m o n ly  o b s e rv e d  
in  th e s e  p a t ie n ts  (F ig . 17.16D]. A s y m m e t r y  is  
p re s e n t  in  6 5 %  o f  th e  c a s e s , w h ic h  o c c u r  in  
1 /5 ,6 0 0  b ir th s .  O th e r  m a lfo rm a t ío n s ,  w h ic h  
o c c u r  in  5 0 %  o f  c a s e s , in c lu d e  c a rd ia c  a b n o r ­
m a li t ie s ,  s u c h  a s  te t r a lo g y  o f  F a l lo t  a n d  v e n -  
t r ic u la r  s e p ta l d e fe c ts .  C a u s e s  o f  h e m ifa c ia l 
m ic ro s o m ía  a re  u n k n o w n .

TONGUE

The tongue appears in embryos of approximately
4 weeks in the form of two lateral lingual sweU- 
ings and one medial swelling, the tuberculum 
impar (Fig. 17.17A). These three swellings origí­
nate from the first pharyngeal arch. A second 
median swelling, the copula, or hypobranchial 
eminence, is formed by mesoderm of the sec­
ond, third, and part of the fourth arch. Finally, 
a third median swelling, formed by the posterior 
part of the fourth arch, marks development of 
the epiglottis. Immediately behind this swelling 
is the laryngeal orifíce, which is flanked by the 
arytenoid swellings (Fig. 17.17).

As the lateral lingual swellings increase in 
size, they overgrow the tuberculum impar and 
merge, forming the anterior two-thirds, or body, 
of the tongue (Fig. 17.17). Because the mucosa

covering the body of the tongue originates from 
the first pharyngeal arch, sensory innervation 
to this area is by the mandibular branch of the 
trigeminal nerve. The body of the tongue is sep- 
arated from the posterior third by a V-shaped 
groove, the terminal sulcus (Fig. 17.175).

The posterior part, or root, of the tongue 
originates from the second, third, and parts of 
the fourth pharyngeal arch. The fact that sen­
sory innervation to this part of the tongue is 
supplied by the glossopharyngeal nerve indi- 
cates that tissue of the third arch overgrows that 
of the second.

The epiglottis and the extreme posterior 
part of the tongue are innervated by the supe­
rior laryngeal nerve, reflecting their develop­
ment from the fourth arch. Some of the tongue 
muscles probably differentiate in situ, but 
most are derived from myoblasts originating in
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FIGURE 17.17 V e n tra l p o r t io n  o f th e  p h a ryn g e a l a rch e s  seen  fro m  a b o v e  sh o w in g  d e v e lo p m e n t o f  th e  
to n g u e . / to  IV, th e  c u t p h a ry n g e a l a rches . A . 5 w e e k s  ( ~ 6  m m ]. B. 5 m o n th s . N o te  th e  fo ra m e n  ce cu m , s ite  
o f  o r ig in  o f  th e  th y ro id  p r im o rd iu m .

occipital somites. Thus, tongue musculature is 
innervated by the hypoglossal nerve.

The general sensory innervation of the tongue 
is easy to understand. The body is supplied by 
the trigeminal nerve, the nerve of the first arch; 
that of the root is supplied by the glossopharyn- 
geal and vagus nerves, the nerves of the third 
and fourth arches, respectively. Special sensory 
innervation (taste) to the anterior two-thirds of 
the tongue is provided by the chorda tympani 
branch of the facial nerve, whereas the posterior 
third is supplied by the glossopharyngeal nerve.

■  THYROID GLAND_________________

The thyroid gland appears as an epithelial pro- 
liferation in the floor of the pharynx between 
the tuberculum impar and the copula at a 
point later indicated by the foramen cecum 
(Figs. 17.17 and 17.18A). Subsequently, the thy­
roid descends in front of the pharyngeal gut as

Clinical Correlatas L
Tongue-Tie
In ankyloglossia (tongue-tie), t h e  to n g u e  
is  n o t  f re e d  f r o m  th e  f lo o r  o f  th e  m o u th .  
N o rm a lly ,  e x te n s iv e  c e ll d e g e n e ra t io n  o c -  
c u rs , a n d  th e  f r e n u lu m  is th e  o n iy  t is s u e  t h a t  
a n c h o rs  th e  to n g u e  to  th e  f lo o r  o f  th e  m o u th .  
In th e  m o s t  c o m m o n  fo rm  o f  a n k y lo g lo s s ia ,  
th e  f r e n u lu m  e x te n d s  t o  th e  t ip  o f  th e  to n g u e .

a bilobed diverticulum (Fig. 17.18). During this 
migration, the thyroid remains connected to the 
tongue by a narrow canal, the thyroglossal duct. 
This duct later disappears.

With further development, the thyroid gland 
descends in front of the hyoid bone and the laryn- 
geal cartilages. It reaches its final position in front 
of the trachea in the seventh week (Fig. 17.185). 
By then, it has acquired a smaU median isthmus 
and two lateral lobes. The thyroid begins to fiinc- 
tion at approximately the end of the third month, 
at which time the first foUicles containing col- 
loid become visible. Follicular cells produce the 
colloid that serves as a source of thyroxine and 
triiodothyronine. Parafollicular, or C, cells de- 
rived from the ultimobranchial body (Fig. 17.10) 
serve as a source of calcitonin.

■  FACE____________________________

At the end of the fourth week, facial prominences 
consisting primarily of neural crest-derived mes- 
enchyme and formed mainly by the first pair of 
pharyngeal arches appear. Maxillary prominences 
can be distinguished lateral to the stomodeum, 
and mandibular prominences can be distin­
guished caudal to this structure (Fig. 17.21). The 
firontonasal promínence, formed by proliferation 
of mesenchyme ventral to the brain vesicles, consti- 
tutes the upper border of the stomodeum. On both 
sides of the frontonasal prominence, local thicken- 
ings of the surface ectoderm, the nasal (olfactory) 
placodes, originate under inductive infiuence of 
the ventral portion of the forebrain (Fig. 17.21).
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FIGURE 17.18 A. The th y ro id  p r im o rd iu m  a rises  as an e p ith e lia l d iv e r t ic u lu m  in th e  m id lin e  o f  th e  p h a ry n x  
im m e d ia te ly  c a u d a l to  th e  tu b e rc u lu m  im p a r. B. P o s itio n  o f  th e  th y ro id  g la n d  in th e  a d u lt. Broken Une, th e  
p a th  o f  m ig ra tio n .

Clinical Correlatas

Thyroglossal Duct and Thyroid 
Abnormalities
A  thyroglossal cyst m a y  lie  a t  a n y  p o ín t  a lo n g  
th e  m ig r a to r y  p a th w a y  o f  th e  th y r o id  g la n d  b u t  
is  a lw a y s  n e a r  o r  in  th e  midline o f  th e  n e c k . A s  
in d ic a te d  b y  its  ñ a m e , i t  is  a  c y s t ic  r e m n a n t  o f  
th e  th y ro g lo s s a l d u c t .  A l th o u g h  a p p r o x im a te ly  
5 0 %  o f  th e s e  c y s ts  a re  c ió s e  t o  o r  ju s t  in fe r io r  
t o  th e  b o d y  o f  th e  h y o id  b o n e  (F ig s . 17.19 a n d  
17 .20 ], th e y  m a y  a is o  b e  fo u n d  a t  th e  b a s e  o f  
th e  to n g u e  o r  c ió s e  t o  th e  th y r o id  c a r t i la g e .

S o m e t im e s , a th y ro g lo s s a l c y s t  is  c o n n e c te d  
t o  th e  o u ts id e  b y  a f is tu lo u s  c a n a l, a  thyro­
glossal fístula. S u c h  a f is tu la  u s u a lly  a r is e s  
s e c o n d a r i ly  a f te r  r u p tu r e  o f  a c y s t  b u t  m a y  be 
p re s e n t  a t  b ir th .

Aberrant thyroid tissue m a y  b e  fo u n d  a n y -  
w h e re  a lo n g  th e  p a th  o f  d e s c e n t  o f  th e  th y r o id  
g la n d . I t  is  c o m m o n ly  fo u n d  in  th e  b a s e  o f  th e  
to n g u e ,  ju s t  b e h in d  th e  fo ra m e n  c e c u m , a n d  
is  s u b je c t  t o  th e  s a m e  d is e a s e s  a s  th e  th y r o id  
g la n d  its e lf .

Body o f tongue

Foram en cecum  
Thyrog lossa l cyst

Ep ig lo ttis

FIGURE 17.19 T h y ro g lo ssa l cys ts . These 
cys ts , m o s t f re q u e n t ly  fo u n d  in  th e  h yo id  
re g ió n , a re  a lw a y s  c ió se  to  th e  m id lin e .

Thyrog lossa l cysts

C rico id  cartilage

Thyro id  g land

Hyoid bone

Thyro id  cartilage

[continued]
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FIGURE 17.20 T h y ro g lo ssa l cys t. T hese cys ts , w h ich  
a re  re m n a n ts  o f  th e  th y ro g lo s s a l du c t, m a y  be a n y - 
w h e re  a lo n g  th e  m ig ra tio n  p a th w a y  o f th e  th y ro id  
g land . T hey  a re  c o m m o n ly  fo u n d  beh in d  th e  a rch  o f 
th e  h yo id  bone . A n  Im p o rta n t d ia g n o s tic  c h a ra c te r-  
is tic  is th e ir  m id lin e  lo ca tio n .
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2nd  Arch

FIGURE 17.21 A. L a te ra l v ie w  o f  an e m b ry o  a t  th e  end  o f  th e  fo u r th  w eek, s h o w in g  p o s itio n  o f  th e  p h a ryn g e a l 
a rches . B. F ro n ta l v ie w  o f  a 4 .5 -w e e k  e m b ry o  s h o w in g  th e  m a n d ib u la r a n d  m a x illa ry  p ro m in e n te s . T he  nasa l 
p la co d e s  are  v is ib le  on  e ith e r  s id e  o f  th e  fro n to n a s a l p ro m in e n c e . C. P h o to g ra p h  o f  a h u m a n  e m b ry o  a t  a 
s ta g e  [4 .5  w e e ks ] s im ila r  to  th a t  o f  (B).
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N asal pit

M ax illa ry
p rom inence
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Nasal pit 
Latera l nasal 
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S tom odeum

M edial 
nasal
p rom inence

1st C left

Lateral 
nasal 

p rom inence
M axilla ry

prom inence
M and ibu la r
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FIGURE 17.22 F ro n ta l a s p e c t o f th e  fa ce . A. 5 -w e e k  e m b ry o . B. 6 -w e e k  e m b ry o . The n asa l p ro m in e n c e s  a re  
g ra d u a lly  s e p a ra te d  fro m  th e  m a x illa ry  p ro m in e n c e  b y  d eep  fu rro w s . C,D. P h o to g ra p h s  o f h u m a n  e m b ry o s  
a t  s ta g e s  s im ila r  to  th o s e  d e p ic te d  in (A) an d  (B), re sp e c tive ly .

During the fifth week, the nasal placodes in- 
vaginate to form nasal pits. In so doing, they 
create a ridge of tissue that surrounds each 
pit and forms the nasal prominences. The 
prominences on the outer edge of the pits are 
the lateral nasal prominences; those on the 
inner edge are the medial nasal prominences 
(Fig. 17.22).

During the following 2 weeks, the maxil­
lary prominences continué to increase in size. 
Simultaneously, they grow medially, com- 
pressing the medial nasal prominences toward 
the midline. Subsequently, the cleft between 
the medial nasal prominence and the max­
illary prominence is lost, and the two fuse 
(Fig. 17.23). Henee, the upper lip is formed by 
the two medial nasal prominences and the two 
maxillary prominences. The lateral nasal prom­
inences do not particípate in formation of the 
upper lip. The lower lip and jaw form from the

mandibular prominences that merge across the 
midline.

Initially, the maxillary and lateral nasal 
prominences are separated by a deep furrow, 
the nasolacrimal groove (Figs. 17.22 and 
17.23). Ectoderm in the floor of this groove 
forms a solid epithelial cord that detaches 
from the overlying ectoderm. After canaliza- 
tion, the cord forms the nasolacrimal duct; 
its upper end widens to form the lacrimal sac. 
Following detachment of the cord, the maxil­
lary and lateral nasal prominences merge with 
each other. The nasolacrimal duct then runs 
from the medial córner of the eye to the infe­
rior meatus of the nasal cavity, and the maxil­
lary prominences enlarge to form the cheeks 
and maxillae.

The nose is formed from five facial promi­
nences (Fig. 17.23): the frontal prominence 
gives rise to the bridge, the merged medial nasal
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Lateral nasal prom inence

Eye

Medial nasal prom inence

External e a r<

Nasolacrimal groove

M axillary prom inence 

M andibular prom inence

FIGURE 17.23 F ro n ta l a s p e c t o f  th e  face . A. 7 -w e e k  e m b ryo . M a x illa ry  p ro m in e n c e s  have  fu s e d  w ith  th e  m e ­
d ia l nasa l p ro m in e n ce s . B. 1 0 -w e e k  e m b ryo . C. P h o to g ra p h  o f  a h u m a n  e m b ry o  a t  a s ta g e  s im ila r  to  th a t  in  (A).

TABLE 17.3 Structures Contríbuting to 
Formation of the Face

Prominence Structures Formed

F ro n to n a s a l^ F o re h e a d , b r id g e  o f  n o se , 
a n d  m e d ia l a n d  la te ra l 
n a s a l p ro m in e n c e s

M a x illa ry C h e e ks , la te ra l p o r t io n  o f  
u p p e r  lip

M e d ia l n a sa l P h ilt ru m  o f  u p p e r  lip , c re s t, 
a n d  t ip  o f  n o s e

L a te ra l n a sa l A la e  o f  n o s e
M a n d ib u la r L o w e r  lip

°The frontonasal prominence is a single unpaired structure; 
the other prominences are paired.

prominences provide the crest and tip, and the 
lateral nasal prominences form the sides (alae) 
(Table 17.3).

■  INTERMAXILLARYSEGMENT

As a result o f medial growth of the maxillary 
prominences, the two medial nasal promi­
nences merge not only at the surface but also 
at a deeper level. The structure formed by the 
two merged prominences is the intermaxil- 
lary segment. It is composed of ( 1) a labial 
component, which forms the philtrum of the 
upper lip; (2) an upper jaw component, which 
carries the four incisor teeth; and (3) a palatal
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Philtrum  o f l i p \  M a x illa w ith
4  inc iso r teeth

In te rm axilla ry  segm ent
Prim ary
palate

Fused
palatal
p lates

FIGURE 17.24 A. In te rm a x illa ry  s e g m e n t and  m a x illa ry  p rocesses . B. T he in te rm a x illa ry  s e g m e n t g iv in g  rise 
to  th e  p h ilt ru m  o f th e  u p p e r lip , th e  m e d ia n  p a r t  o f  th e  m a x illa ry  b one  w ith  its  fo u r  in c is o r te e th , and  th e  
t r ia n g u la r  p r im a ry  pa la te .

component, which forms the triangular pri­
mary palate (Fig. 17.24). The intermaxillary 
segment is continuous with the rostral portion 
of the nasal septum, which is formed by the 
frontal prominence.

■  SECONDARY PALATE_____________

Although the primary palate is derived from the 
intermaxillary segment (Fig. 17.24), the main part 
of the definitive palate is formed by two shelf-like 
outgrowths from the maxiUary prominences. 
These outgrowths, the palatine shelves, appear in 
the sixth week of development and are directed 
obliquely downward on each side of the tongue 
(Fig. 17.25). In the seventh week, however, the 
palatine shelves ascend to attain a horizontal 
position above the tongue and fuse, forming the 
secondary palate (Figs. 17.26 and 17.27).

Anteriorly, the shelves fuse with the tri­
angular primary palate, and the incisive fo­
ramen is the midline landmark between the 
primary and secondary palates (Fig. 17.275). 
At the same time as the palatine shelves fuse, 
the nasal septum grows down and joins with 
the cephalic aspect of the newly formed palate 
(Fig. 17.27).

■  NASAL CAVITIES_________________

During the sixth week, the nasal pits deepen 
considerably, partly because of growth of the 
surrounding nasal prominences and partly be- 
cause of their penetration into the underlying 
mesenchyme (Fig. 17.3 lA). Atfirst.the oronasal 
membrane separates the pits from the primitive 
oral cavity by way of the newly formed foram- 
ina, the primitive choanae (Fig. 17.31C).

Nasal septum Nasal cham ber 
P rim ary pa la te

N asal septum

Palatine
she lf

FIGURE 17.25 A. F ro n ta l s e c tio n  th ro u g h  th e  head  o f  a 6 .5 -w e e k  e m b ry o . The p a la tin e  s h e lv e s  a re  in th e  
v e rt ic a l p o s it io n  on  each  s id e  o f  th e  to n g u e . B. V e n tra l v ie w  o f  th e  p a la tin e  s h e lve s  a f te r  re m o v a l o f  th e  lov^^er 
ja w  and  th e  to n g u e . N o te  th e  c le fts  b e tw e e n  th e  p r im a ry  t r ia n g u la r  p a la te  a n d  th e  p a la tin e  she lves , w h ic h  
a re  s t ill ve rtic a l.
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Nasa l septum

O ral cav ity

Nasa l cham ber

Eye

P rim ary  palate

Palatine
she lf

Tongue

FIGURE 17.26 A. F ro n ta l s e c tio n  th ro u g h  th e  head  o f a 7 .5 -w e e k  e m b ry o . T he to n g u e  has  m o v e d  d o w n w a rd , 
and  th e  p a la tin e  sh e lve s  have  re a ch e d  a h o r iz o n ta l p o s it io n . B. V e n tra l v ie w  o f  th e  p a la tin e  s h e lv e s  a fte r  
re m o v a l o f  th e  lo w e r ja w  and  to n g u e . The s h e lve s  a re  h o riz o n ta l. N o te  th e  nasa l s e p tu m .

Nasal 
conchae

Nasal
cham ber

Incisive foram en

N asa l septum

Fused palatal 
shelves

Oral cavity
U vula

FIGURE 17.27 A. F ro n ta l s e c tio n  th ro u g h  th e  h ead  o f  a lO-v^^eek e m b ry o . T he tw o  p a la tin e  s h e lve s  have 
fu s e d  w ith  each  o th e r  and  w ith  th e  nasa l s e p tu m . B. V e n tra l v ie w  o f  th e  p a la te . The  in c is ive  fo ra m e n  fo rm s  
th e  m id lin e  b e tv /e e n  th e  p r im a ry  and  s e c o n d a ry  p a la te .

Clinical Correlates

Facial Clefts
C le f t  l ip  a n d  c le f t  p a la te  a re  c o m m o n  d e fe c ts  
t h a t  r e s u lt  in  a b n o rm a l fa c ia l a p p e a ra n c e  
a n d  d i f f ic u lt ie s  w ith  s p e e c h . T h e  incisive fo­
ramen is  c o n s id e re d  th e  d iv id in g  la n d m a rk  
b e tw e e n  anterior a n d  posterior c le f t  d e fo r -  
m it ie s .  T h o s e  a n te r io r  t o  th e  in c is iv e  f o r a ­
m e n  in c lu d e  lateral cleft lip, cleft upper jaw, 
a n d  cleft b e tw e e n  th e  primary and second­
ary palates (F ig s . 1 7 .2 8 6 -D  a n d  17.29-4]. S u ch  
d e fe c ts  a re  d u e  t o  a p a r t ia l  o r  c o m p le te  la c k  
o f  fu s ió n  o f  t h e  m a x i l la r y  p ro m in e n c e  w ith  
t h e  m e d ia l n a s a l p ro m in e n c e  o n  o n e  o r  b o th  
s id e s . T h o s e  t h a t  l ie  p o s te r io r  t o  th e  in c is iv e  
fo ra m e n  in c lu d e  cleft (secondary) palate a n d  
cleft uvula [F ig s . 17 .28E  a n d  1 7 .2 9 6 ], C le f t  p a l-  
a te  re s u lts  f r o m  a la c k  o f  fu s ió n  o f  t h e  p a la t in e  
s h e lv e s , w h ic h  m a y  b e  d u e  to  s m a lln e s s  o f 
th e  s h e lv e s , fa i lu re  o f  th e  s h e lv e s  t o  e le v a te .

in h ib i t io n  o f  th e  fu s ió n  p ro c e s s  i ts e lf ,  o r  f a i l ­
u re  o f  t h e  to n g u e  t o  d ro p  f r o m  b e tw e e n  th e  
s h e lv e s  b e c a u s e  o f  m ic ro g n a th ia .  T h e  th ir d  
c a te g o r y  is  fo rm e d  b y  a c o m b in a t io n  o f  c le f ts  
ly in g  a n te r io r  a s  w e ll a s  p o s te r io r  t o  th e  in c i­
s iv e  fo ra m e n  (F ig . 1 7 .2 8 F ]. A n te r io r  c le f ts  v a ry  
in  s e v e r i t y  f r o m  a b a re ly  v is ib le  d e fe c t  in  th e  
v e r m i l io n  o f  th e  l ip  t o  e x te n s ió n  in to  th e  n o s e . 
In  s e v e re  c a s e s , th e  c le f t  e x te n d s  t o  a d e e p e r  
le v e l, fo rm in g  a c le f t  o f  th e  u p p e r  ja w ,  a n d  
t h e  m a x illa  is  s p i i t  b e tw e e n  th e  la te ra l in c is o r  
a n d  th e  c a n in e  t o o th  (F ig . 17 .29A ]. F re q u e n t ly ,  
s u c h  a  c le f t  e x te n d s  t o  th e  in c is iv e  fo ra m e n  
(F ig . 1 7 .2 8 C ,F ]. L ik e w is e , p o s te r io r  c le f ts  v a ry  
in  s e v e r i t y  f r o m  c le f t in g  o f  t h e  e n t i r e  s e c o n d ­
a ry  p a la te  (F ig . 17 .28E  a n d  17 .29B ] t o  c le f t in g  o f  
t h e  u v u la  o n iy .

Van der Woude syndrome is  th e  m o s t  
c o m m o n  s y n d ro m e  a s s o c ia te d  w it h  c le f t  lip
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Prim ary Incisive Nostril Jaw

Philtrum  o f lip
P rim ary 
pa la te

FIGURE 17.28 V e n tra l v ie w  o f  th e  p a la te , gu m , lip , and  nose. A. N orm a l. B. U n ila te ra l c le ft  lip  e x te n d in g  in to  
th e  nose. C. U n ila te ra l c le ft  in v o lv in g  th e  lip  and  ja w  a n d  e x te n d in g  to  th e  in c is ive  fo ra m e n . D. B ila te ra l c le ft 
in v o lv in g  th e  lip  a n d  ja w . E. Iso la ted  c le ft  pa la te . F. C le ft p a la te  co m b in e d  w ith  u n ila te ra l a n te r io r  c le ft  lip.

FIGURE 17.29 A. B ila te ra l c le f t  lip  [c o m p a re  to  Fig. 17.28D]. B. C le ft p a la te  [c o m p a re  to  Fig. 17.28E]. 
C. O b ligue  fa c ia l c le ft  (see n a s o la c rim a l g ro o v e , Fig. 17.23/4 a n d  17.23C). D. M id lin e  c le f t  lip.

[continued]
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w ith  o r  w i t h o u t  c le f t  p a la te .  T h e  s y n d ro m e  is 
in h e r ite d  a s  a n  a u to s o m a l d o m in a n t  a n d  is  d u e  
to  m u ta t io n s  in  INTERFERON REGULATORY 
FACTOR 6 [IRF6-, 1 p 3 2 -4 l]  t h a t  is  e x p re s s e d  in  
th e  m e d ia l ( fu s in g ]  e d g e  o f  th e  p a la ta l s h e lv e s . 
In te re s t in g ly ,  8 8 %  o f  a f fe c te d  in fa n ts  w il l  h a v e  
p i ts  in  t h e i r  lo w e r  lip , a n d  in  6 4 %  o f  th e s e  in d i­
v id u á is ,  th is  w il l  b e  th e  o n iy  a b n o rm a li ty .

Oblique facial clefts a re  p ro d u c e d  b y  fa ilu re  
o f  th e  m a x il la ry  p r o m in e n te  t o  m e rg e  w ith  its  
c o r re s p o n d in g  la te ra l n a s a l p r o m in e n te  a lo n g  
th e  lin e  o f  th e  n a s o la c r im a l g ro o v e  (F igs . 17 .234  
a n d  C). W h e n  th is  o c c u rs , th e  n a s o la c r im a l d u c t  
is  u s u a lly  e x p o s e d  t o  th e  s u r fa c e  (F ig . 17.29C].

Median (midline) cleft lip, a ra re  a b n o r m a l­
i ty ,  is  c a u s e d  b y  in c o m p le te  m e rg in g  o f  th e  
tw o  m e d ia l n a s a l p r o m in e n te s  in  th e  m id l in e  
[F ig . 17 .29D  a n d  F ig . 1 7 .3 0 4  a n d  6 ] .  In fa n ts  
w ith  m id l in e  c le f ts  a re  o f te n  cognitívely 
impaired a n d  m a y  h a v e  b ra in  a b n o rm a li t ie s  
t h a t  in c lu d e  v a ry in g  d e g re e s  o f  lo s s  o f  m id ­
lin e  s t r u c tu r e s .  L o s s  o f  m id l in e  t is s u e  m a y  be  
so  e x te n s iv e  t h a t  th e  la te ra l v e n t r ic le s  fu s e  
(holoprosencephaly) [F ig . 17 .30C ]. T h e s e  d e -  
fe c ts  a re  in d u c e d  v e ry  e a r ly  in  d e v e lo p m e n t ,  
a t  t h e  b e g in n in g  o f  n e u ru la t io n  (d a y s  19 t o  21] 
w h e n  th e  m id l in e  o f  th e  fo r e b r a in  is  b e in g  e s -  
ta b l is h e d  (se e  C h a p te r IS ) .

M o s t c a s e s  o f  c le f t  l ip  w it h  o r  w i t h o u t  c le f t  
p a la te  a re  m u l t i fa c to r ia l .  T h e s e  c o n d it io n s  a re

u s u a l ly  c la s s if ie d  a s  (1) c le f t  l ip  w it h  o r  w i t h ­
o u t  c le f t  p a la te  a n d  (2 ) c le f t  p a la te  a n d  a re  
th o u g h t  t o  b e  e t io lo g ic a l ly  a n d  p a th o g e n e t i -  
c a l ly  d is t in c t .  C le f t  l ip  w ith  o r  w i t h o u t  c le f t  p a l-  
a te  [a p p r o x im a te ly  1 /7 0 0  b ir th s )  o c c u rs  m o re  
f r e q u e n t ly  in  m a le s  (6 5 % ) th a n  in  fe m a le s ,  
a n d  its  in c id e n c e  v a r íe s  a m o n g  p o p u la t io n s .  
A s ia n s  a n d  N a t iv e  A m e r ic a n s  h a v e  s o m e  o f  
th e  h ig h e s t  ra te s  (3 .5 /1 ,0 0 0 ) ,  w h e re a s  A f r ic a n  
A m e r ic a n s  h a v e  t h e  lo w e s t  (1 /1 ,0 0 0 ).

T h e  f r e q u e n c y  o f  is o la te d  cleft palate is  
lo w e r  th a n  t h a t  o f  c le f t  l ip  [1 /1 ,5 0 0  b ir th s ) ,  
o c c u rs  m o re  o f te n  in  fe m a le s  (5 5 % ) th a n  in  
m a le s . In  fe m a le s ,  t h e  p a la ta l  s h e lv e s  fu s e  a p ­
p r o x im a te ly  1 w e e k  la te r  th a n  in  m a le s , w h ic h  
m a y  b e  re la te d  to  w h y  is o la te d  c le f t  p a la te  
o c c u rs  m o re  f r e q u e n t ly  in  fe m a le s  th a n  in  
m a le s .

C a u s e s  o f  c le f t  l ip  w ith  o r  w i t h o u t  c le f t  
p a la te  a re  n o t  w e ll  d e f in e d . S o m e  c a s e s  a re  
s y n d ro m ic  a n d  a s s o c ia te d  w ith  c e r ta in  s y n -  
d ro m e s  a n d  g e n e s . O th e rs  a re  n o n s y n d ro m ic  
b u t  a s s o c ia te d  w ith  s o m e  o f  th e  s a m e  g e n e s  
t h a t  c a u s e  s y n d ro m e s , s u c h  a s  IRF6 (v a n  d e r  
W o u d e  s y n d ro m e ]  a n d  M S X l S t il l,  o th e r  c a s e s  
a re  c a u s e d  b y  e x p o s u re  t o  te r a to g e n ic  c o m -  
p o u n d s , s u c h  a s  a n t ic o n v u ls a n t  m e d ic a t io n s ,  
p a r t ic u la r ly  v a lp ro ic  a c id . C ig a r e t te  s m o k in g  
d u r in g  p re g n a n c y  a is o  in c re a s e s  th e  r is k  fo r  
h a v in g  a b a b y  w ith  o ro fa c ia l c le f ts .

Latera l 
nasal 

p rom inence

-  M ax illa ry  
prom inence

M edial 
nasal 

p rom inence

FIGURE 17.30 P h o to g ra p h s  d e m o n s tra tin g  n o rm a l and  a b n o rm a l d e v e lo p m e n t in v o lv in g  th e  m id lin e  o f  th e  
fa ce  and  b ra in . A. N orm a l face  o f an e m b ry o  a t  th e  b e g in n in g  o f th e  se ve n th  w eek . N ote  th e  d is ta n ce  be - 
tw e e n  th e  nasa l o p e n in g s  [vertical Unes] and  b e tw e e n  th e  m ed ia l nasa l p ro m inences . B. Face o f  a n e w b o rn  
w ith  a m id lin e  c le f t  lip. In th is  case, th e re  is in s u ff ic ie n t tissu e  in th e  m id lin e  to  fill in th e  space  b e tw e e n  th e  
m e d ia l nasa l p ro m inences .
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Proboscis

S ynop tha lm ia

FIGURE 17.30 [continued] C. Face o f  a n e w b o rn  
w ith  h o lo p ro s e n c e p h a ly  ch a ra c te rize d  by such  
an e x te n s iv a  d e fic ie n c y  o f  m id lin e  tis su e  th a t  th e  
eyes have  fu se d  [syn o p h th a lm ia ], and  a p ro b o s ­
cis  w ith  a s in g le  nasal o p e n in g  has fo rm e d  fro m  
fu s ió n  o f  th e  la te ra l nasal p rocesses. A n u p p e r lip 
is fo rm e d  b y  fu s ió n  o f th e  m a x illa ry  p ro m inences . 
The head  is n a rro w , and  th e  b ra in  w o u ld  have  a 
s ing le  v e n tr ic le  [h o lo p ro se n ce p h a ly ] due  to  such  
a loss o f m id lin e  tissu e  th a t  th e  tw o  la te ra l v e n - 
tr ic le s  fused . The c o n d itio n  m a y  be caused  by 
m u ta tio n s  in 5HH [th e  gen e  th a t  e s ta b lish e s  th e  
m id lin e ], by a lte re d  c h o le s te ro l b io syn th e s is , and 
b y  m a te rn a l e xp o su re  to  te ra to g e n s , such  as 
a lcoho l, in th e  th ird  w e e k  o f  d e v e lo p m e n t [see 
a iso  C hap te r 18].

These choanae lie on each side of the mid­
line and immediately behind tlie primary palate. 
Later, witli formation of the secondary pal- 
ate and fiirther development of the primitive 
nasal chambers (Fig. 17.3ID), the definitive

choanae lie at the junction of the nasal cavity 
and the phaiynx. Paranasal air sinuses develop 
as diverticula of the lateral nasal wall and extend 
into the maxilla, ethmoid, frontal, and sphenoid 
bones. They reach their máximum size during

M edial 
nasal 

p rom inence
O ral cavity

O ronasa l
m em brane
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c h a m b e f

Tongue

O lfacto ry  
bulb

B reakdow n of 
oronasa l m em brane
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S e condary
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FIGURE 17.31 A. S a g itta l se c tio n  th ro u g h  th e  nasa l p it  and  lo w e r rim  o f  th e  m e d ia l nasa l p ro m in e n c e  o f  a 
6-v^^eek e m b ry o . The p r im it iv e  nasa l c a v ity  is s e p a ra te d  fro m  th e  o ra l c a v ity  b y  th e  o ro n a s a l m e m b ra n e . 
B. S im ila r s e c tio n  as in  (A) s h o w in g  th e  o ro n a sa l m e m b ra n e  b re a k in g  dov^^n. C. A  7 -w e e k  e m b ry o  w ith  a 
p r im it iv e  nasa l c a v ity  in o p e n  c o n n e c tio n  w ith  th e  o ra l c a v ity . D. S a g itta l s e c tio n  th ro u g h  th e  fa ce  o f  a
9 -w e e k  e m b ry o  s h o w in g  s e p a ra tio n  o f  th e  d e fin it iv e  nasa l and  o ra l c a v it ie s  b y  th e  p r im a ry  a n d  se c o n d a ry  
p a la te . D e fin it iv e  c h o a n a e  a re  a t  th e  ju n c t io n  o f  th e  o ra l c a v ity  a n d  th e  p h a ryn x .
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puberty and contribute to the definitive shape of 
the face.

■  TEETH___________________________

The shape of the face is determined not only by ex­
pansión of the paranasal sinuses but also by growth 
of the mandible and maxilla to accommodate the 
teeth. Teeth themselves arise from an epithehal- 
mesenchymal interaction between overlying oral 
epithelium and underlying mesenchyme derived 
from neural crest cells. By the sixth week of de- 
velopment, the basal layer of the epithelial lining 
of the oral cavity forms a C-shaped structure, the 
dental lamina, along the length of the upper and 
lower jaws. This lamina subsequently gives rise to 
a number of dental buds (Fig. 17.32A), 10 in each 
jaw, which form the primordia of the ectodermal 
components of the teeth. Soon, the deep surface 
of the buds invaginates, resulting in the cap stage 
of tooth development (Fig. 17.32B). Such a cap 
consists of an outer layer, the cúter dental epi- 
thelium, an inner layer, the inner dental epithe­
lium, and a central core of loosely woven tissue, 
the stellate reticulum. The mesenchyme, which 
originates in the neural crest in the indentation, 
forms the dental papilla (Fig. 17.32B).

As the dental cap grows and the indentation 
deepens, the tooth takes on the appearance of a

bell (bell stage) (Fig. 17.32C). Mesenchyme cells 
of the papilla adjacent to the inner dental layer 
differentiate into odontoblasts, which later 
produce dentin. With thickening of the dentin 
layer, odontoblasts retreat into the dental pa­
pilla, leaving a thin cytoplasmic process (dental 
process) behind in the dentin (Fig. 17.32D). 
The odontoblast layer persists throughout the 
life of the tooth and continuously provides pre- 
dentin. The remaining cells of the dental papilla 
form the pulp of the tooth (Fig. 17.32D).

In the meantime, epithelial cells of the inner 
dental epithelium differentiate into ameloblasts 
(enamel formers). These cells produce long 
enamel prisms that are deposited over the 
dentin (Fig. 17.32D). Furthermore, a cluster of 
these cells in the inner dental epithelium forms 
the enamel knot that regulates early tooth 
development (Fig. 17.32B).

Enamel is first laid down at the apex of the 
tooth and from here spreads toward the neck. 
When the enamel thickens, the ameloblasts 
retreat into the stellate reticulum. Here they 
regress, temporarily leaving a thin membrane 
(dental cuticle) on the surface of the enamel. 
After eruption of the tooth, this membrane 
gradually sloughs off.

Formation of the root of the tooth begins 
when the dental epithelial layers penetrate

Dental lam ina

Root sheath

FIGURE 17.32 F o rm a tio n  o f  th e  to o th  a t  su cce ss ive  s ta g e s  o f  d e v e lo p m e n t. A. B ud s ta g e  [8  w e e ks ], B. Cap 
s ta g e  [10 w e e ks ], C. Bell s ta g e  (3 m o n th s ], D. 6 m o n th s .
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FIGURE 17.33 T he to o th  ju s t  b e fo re  b ir th  (A) and  a f te r  e ru p tio n  (B).

into the underlying mesenchyme and form the 
epithelial root sheath (Fig. 17.32D). Cells of the 
dental papilla lay down a layer of dentin con- 
tinuous with that of the crown (Fig. 17.33). As 
more and more dentin is deposited, the pulp 
chamber narrows and finally forms a canal con- 
taining blood vessels and nerves of the tooth.

Mesenchymal cells on the outside of the tooth 
and in contact with dentin of the root diíFeren- 
tiate into cementoblasts (Fig. 17.33A). These 
cells produce a thin layer of specialized bone, 
the cementum. Outside of the cement layer, 
mesenchyme gives rise to the periodontal liga­
ment (Fig. 17.33), which holds the tooth firmly 
in position and functions as a shock absorber.

With further lengthening of the root, the 
crown is gradually pushed through the overlying 
tissue layers into the oral cavity (Fig. 17.33B). 
The eruption of deciduous or milk teeth occurs 
6 to 24 months after birth.

Buds for the permanent teeth, which lie on 
the lingual aspect of the milk teeth, are formed 
during the third month of development. These 
buds remain dormant until approximately the 
sixth year of postnatal life (Fig. 17.34). Then 
they begin to grow, pushing against the under- 
side of the milk teeth and aiding in the shedding 
of them. As a permanent tooth grows, the root 
of the overlying deciduous tooth is resorbed by 
osteoclasts.

FIGURE 17.34 R e p la ce m e n t o f  d e c id u o u s  te e th  
w ith  p e rm a n e n t te e th  in a ch ild . I, inc iso r; C, 
can ine ; PM, p re m o la r; M I M2, M 3; f irs t ,  second , 
and  th ird  m o ia rs . (F rom  M oore , KL and  D ailey, AF. 
Clinicolly Oriented Anatomy, 5 th  ed. F igure  7.47B, 
p. 993 . L ip p in c o tt W illia m s  & W iik in s, B a ltim o re : 
2006.1

Left anterolateral view
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■  MOLECULAR REGULATION OF 
TOOTH DEVELOPMENT___________

Teeth are present only in vertebrales and parallel 
the evolutionary appearance of the neural crest. 
Tooth development represents a classic example 
of an epithelial-mesenchymal interaction, in 
this case between the overlying epithelium and 
underlying neural crest-derived mesenchyme. 
Regulation of tooth patterning from incisors to 
molars is generated by a combinatorial expres- 
sion of HOX genes expressed in the mesen- 
chyme. With respect to each tooth’s individual 
development, the epithelium governs differenti- 
ation to the bud stage, at which time this regula- 
tory function is transferred to the mesenchyme. 
Signáis for development involve growth factors 
including WNTs, BMPs, and FGFs; the secreted 
factor SHH; and transcription factors, such as 
MSXl and MSX2, that interact in a complex 
pathway to produce cell diíFerentiation and pat­
terning for each tooth. Teeth also appear to have 
a signaling center that represents the “organizer” 
for tooth development much like the activity of 
the node during gastrulation (see Chapter 5). 
This organizer región is called the enamel knot, 
and it appears in a circumscribed región of the 
dental epithelium at the tips of the tooth buds. 
It then enlarges at the cap stage into a tightly 
packed group of cells but undergoes apoptosis 
(cell death) and disappears by the end of this 
stage (Fig. 17.32B). While it is present, it ex- 
presses FGF4, SHH, and BMP2 and 4. FGF4 may 
regúlate outgrowth of cusps much as it partici- 
pates in limb outgrowth produced by the apical

Clinical Correlatas

Tooth Abnormalities
Natal teeth h a v e  e ru p te d  b y  th e  t im e  o f  
b ir th .  U s u a lly , th e y  in v o lv e  th e  m a n d ib u la r  
in c is o rs ,  w h ic h  m a y  b e  a b n o rm a lly  fo rm e d  
a n d  h a v e  l i t t ie  e n a m e l.

T e e th  m a y  b e  a b n o rm a l in  n u m b e r ,  s h a p e , 
a n d  s ize . T h e y  m a y  b e  d is c o lo re d  b y  fo re ig n  
s u b s ta n c e s , s u c h  a s  tetracyclines, o r  b e  d e -  
f ic ie n t  in  e n a m e l,  a  c o n d it io n  o f te n  c a u s e d  b y  
vitamin D deficiency (rickets). M a n y  fa c to r s  
a f fe c t  t o o th  d e v e lo p m e n t ,  in c lu d in g  g e n e t ic  
a n d  e n v iro n m e n ta l  in f lu e n c e s .

ectodermal ridge, whereas BMP4 may regúlate 
the timing of apoptosis in knot cells.

S U M M A R Y
Pharyngeal (branchial) archas, consisting of 
bars of mesenchymal tissue separated by pha­
ryngeal pouches and clefts, give the head and 
neck their typical appearance in the fourth 
week (Fig. 17.3). Each arch contains its own 
artery (Fig. 17.4), cranial nerve (Fig. 17.7), 
muscle element, and cartilage bar or skeletal el- 
ement (Figs. 17.8 and 17.9; Table 17.1, p. 279). 
Fndoderm of the pharyngeal pouches gives rise 
to a number of endocrine glands and part of the 
middle ear. In subsequent order, the pouches give 
rise to (1) the middle ear cavity and auditory 
tube (pouch 1), (2) the stroma of the palatine 
tonsil (pouch 2), (3) the inferior parathyroid 
glands and thymus (pouch 3), and (4) the supe­
rior parathyroid glands and ultimobranchial 
body (pouches 4 and 5) (Fig. 17.10).

Pharyngeal clefts give rise to only one struc- 
ture, the external auditory meatus.

Patterning of the skeletal elements of the 
pharyngeal arches is regulated by gene expres- 
sion in pharyngeal pouch endoderm. The pro- 
cess involves epithelial-mesenchymal signaling 
with endoderm of the pouches sending signáis 
to the responding tissue, the mesenchyme. 
Mesenchymal gene expression is initially deter- 
mined by homeodomain-containing transcrip­
tion factors {0TX2  and HOX genes) carried 
by pharyngeal arches by migrating neural crest 
cells. Crest cells origínate from the caudal mid- 
brain and from segments in the hindbrain called 
rhombomeres. These genes respond to endo- 
dermal signáis and dictate the type of skeletal 
elements that form.

The thyroid gland originates from an epithe- 
lial proliferation in the floor of the tongue and 
descends to its level in front of the tracheal rings 
in the course of development.

The paired maxillary and mandibular 
prominences and the frontonasal prominence 
are the first prominences of the facial región. 
Later, medial and lateral nasal prominences 
form around the nasal placodes on the fronto­
nasal prominence. All of these structures are 
important because they determine, through fu­
sión and specialized growth, the size and integ- 
rity of the mandible, upper lip, palate, and nose 
(Table 17.3, p. 296). Formation of the upper lip
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occurs by fusión of the two maxillary promi- 
nences with the two medial nasal prominences 
(Figs. 17.22 and 17.23). The intermaxillary seg- 
ment is formed by merging of the two medial 
nasal prominences in the midline. This segment 
is composed of (1) the philtrum; (2) the upper 
jaw component, which carries the four incisor 
teeth; and (3) the palatal component, which 
forms the triangular primary palate. The nose is 
derived from ( 1) the frontonasal prominence, 
which forms the bridge; (2) the medial nasal 
prominences, which provlde the crest and tip; 
and (3) the lateral nasal prominences, which 
form the alae (Fig. 17.23). Fusión of the palatal 
shelves, which form from the maxülary promi­
nences, creates the hard (secondary) and soft 
palate. A series of cleft deformities may result 
from partial or incomplete fiision of these mes- 
enchymal tissues, which may be caused by he- 
reditary factors and drugs (diphenylhydantoin).

The adult form of the face is influenced 
by development of paranasal sinuses, nasal 
conchae, and teeth. Teeth develop from 
epithelial-mesenchymal interactions between 
oral epithelium and neural crest-derived mes- 
enchyme. Enamel is made by ameloblasts 
(Figs. 17.32 and 17.33). It lies on a thick layer of 
dentin produced by odontoblasts, a neural crest

derivative. Cementum is formed by cemento- 
blasts, another mesenchymal derivative found in 
the root of the tooth. The first teeth (deciduous 
teeth or milk teeth) appear 6 to 24 months after 
birth, and the definitive or permanent teeth, 
which supplant the milk teeth, are formed dur- 
ing the third month of development (Fig. 17.34).

Problems to  Solve
1. Why are neural crest cells considered such 

an important cell population for craniofacial 
development?

2. You are called as a consultant for a child with 
a very small mandible and ears that are repre- 
sented by small protuberances bilaterally. The 
baby has had numerous episodes of pneumo­
nía and is small for its age. What might your 
diagnosis be, and what might have caused 
these abnormalities?

3. A child is born with a median cleft lip. 
Should you be concerned about any other 
abnormalities?

4. A child presents with a midline swelling 
beneath the arch of the hyoid bone. What 
might this swelling be, and what is its basis 
embryologically?



CHAPTER 18
Central Nervous 
System

he central nervous system (CNS) ap- 
pears at the beginning of the third 
week as a slipper-shaped píate of thick- 

ened ectoderm, the neural píate (actually a 
large placode; see definition and poem, p. xi) in 
the mid-dorsal región in front of the primitive 
node. Its lateral edges soon elevate to form the 
neural folds (Fig. 18.1).

With further development, the neural folds 
continué to elevate, approach each other in the 
midline, and finally fuse, forming the neural 
tube (Figs. 18.2 and 18.3). Fusión begins in the 
cervical región and proceeds in cephalic and 
caudal directions (Fig. 18.3A). Once fusión is 
initiated, the open ends of the neural tube form 
the cranial and caudal neuropores that com- 
municate with the overlying amniotic cavity 
(Fig. 18.35). Closure of the cranial neuropore 
proceeds cranially from the initial closure site in 
the cervical región (Fig. 18.3A) and from a site in 
the forebrain that forms later. This latter site pro­
ceeds cranially, to cióse the rostral-most región of 
the neural tube, and caudaUy to meet advancing 
closure from the cervical site (Fig. 18.35). Final

closure of the cranial neuropore occurs at the 18- 
to 20-somite stage (25th day); closure of the cau­
dal neuropore occurs approximately 3 days later.

The cephalic end of the neural tube shows 
three dilations, the primary brain vesicles:
(1) the prosencephalon, or forebrain; (2) the 
mesencephalon, or midbrain; and (3) the 
rhombencephalon, or hindbrain (Fig. 18.4). 
Simultaneously, it forms two flexures; (1) the 
cervical flexure at the junction of the hindbrain 
and the spinal cord and (2) the cephalic flexure 
in the midbrain región (Fig. 18.4).

By five weeks of development, the primary 
brain vesicles have differentiated into five sec- 
ondary vesicles: The prosencephalon forms the 
telencephalon and diencephalon, the mesen­
cephalon remains, and the rhombencephalon 
forms the metencephalon and myelencephalon 
(Fig. 18.5). A deep fiarrow, the rhombencephalic 
isthmus separates the mesencephalon from the 
metencephalon and the pontine flexure marks 
the boundary between the metencephalon and 
myelencephalon (Fig. 18.5). Each of the secondary 
vesicles will contribute a diíFerent part of the brain.

FIGURE 18.1 A. D orsa l v ie w  o f  a la te  
p re s o m ite  e m b ry o  a t  a p p ro x im a te ly  
18 days. The a m n io n  has  been  re ­
m o ve d , and  th e  n e u ra l p ía te  is  c le a rly  
v is ib le . B. D orsa l v Ie w  a t  a p p ro x l-  
m a te ly  2 0  d ays . N o te  th e  s o m ite s  and  
th e  n e u ra l g ro o v e  a n d  n e u ra l fo ld s .
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FIGURE 18.2 A-C. T ra n sve rse  s e c tio n s  th ro u g h  su c c e ss iv e ly  o id e r  e m b ry o s s h o w in g  fo rm a tio n  o f  th e  n e u ra l 
g ro o ve , n e u ra l tu b e , and  n e u ra l c re s t. C e lls  o f  th e  n e u ra l c re s t m íg ra te  fro m  th e  e d g e s  o f  th e  n e u ra l fo ld s  and  
d e v e lo p  In to  sp in a l and  c ra n la l s e n s o ry  g ang lia . D. S cann ing  e le c tró n  m ic ro g ra p h  o f  a c h ic k  e m b ry o  sh o w in g  
th e  n e u ra l tu b e  a n d  n e u ra l c re s t ce lls  m ig ra t in g fro m  th e  d o rsa l re g ló n  o f  th e  tu b e  [c o m p a re  w lth  [B] and  [C]].

The main derivatives of these vesicles are indicated 
in Figure 18.5 and include telencephalon (cerebral 
hemispheres), diencephalon (optic vesicle, thala- 
mus, hypothalamus, pituitary), mesencephalon 
(anterior [visual] and posterior [auditory] col- 
liculi), metencephalon (cerebellum, pons), and 
myelencephalon (medidla oblongata).

The lumen of the spinal cord, the central 
canal, is continuous with that of the brain ves­
icles. The cavity of the rhombencephalon is the 
fourth ventricle, that of the diencephalon is the 
third ventricle, and those of the cerebral hemi­
spheres are the lateral ventricles (Fig. 18.5).

The lumen of the mesencephalon connects the 
third and fourth ventricles. This lumen becomes 
very narrow and is then known as the aqueduct 
of Sylvius. Each lateral ventricle communicates 
with the third ventricle through the interven- 
tricular foramina of Monro (Fig. 18.5).

■  SPINAL CORD____________________

Neuroepithelial, Mantle, and 
Marginal Layers
The wall of a recently closed neural tube con- 
sists of neuroepithelial cells. These cells extend
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FIGURE 18.3 A. D orsa l v ie w  o f a 
h u m a n  em b t7 0  a t  a p p ro x im a te ly  
d a y  22. S even  d is t in c t s o m ite s  
a re  v is ib le  on  each side o f the 
neural tube. B. D orsa l v ie w  o f  a 
h u m a n  e m b ry o  a t  a p p ro x im a te ly  
d a y  23. The n e rv o u s  s y s te m  is 
in c o n n e c tio n  w ith  th e  a m n io tic  
c a v ity  th ro u g h  th e  c ra n ia l and  
ca u d a l n e u ro p o re s .

over the entire thickness of the wall and form 
a thick pseudostratified epithehum (Fig. 18.6). 
Junctional complexes at the lumen connect 
them. During the neural groove stage and im- 
mediately after closure of the tube, they divide 
rapidly, producing more and more neuroepithe- 
lial cells. Collectively, they constitute the neuro- 
epithelial layer or neuroepithelium.

Once the neural tube closes, neuroepithelial 
cells begin to give rise to another cell type char- 
acterized by a large round nucleus with palé nu- 
cleoplasm and a dark-staining nucleolus. These 
are the primitive nerve cells, or neuroblasts 
(Fig. 18.7). They form the mantle layer, a zone

M idbrain

Forebrain

H indbrain

FIGURE 18.4 Draviíing o f  a s a g itta l s e c tio n  th ro u g h  
th e  b ra in  a t  a p p ro x im a te ly  28  d a ys  o f  h u m a n  
d e v e lo p m e n t. T h re e  b ra in  v e s ic le s  re p re s e n t th e  
fo re b ra in , m id b ra in , a n d  h in d b ra in .

around the neuroepithelial layer (Fig. 18.8). The 
mantle layer later forms the gray matter of the 
spinal cord.

The outermost layer of the spinal cord, the 
marginal layer, contains nerve fibers emerging 
from neuroblasts in the mantle layer. As a result 
of myelination of nerve fibers, this layer takes on 
a white appearance and therefore is called the 
white matter of the spinal cord (Fig. 18.8).

Basal, Alar, Roof, and Floor Plates
As a result of continuous addition of neuroblasts 
to the mantle layer, each side of the neural tube 
shows a ventral and a dorsal thickening. The ven­
tral thickenings, the basal plates, which contain 
ventral motor horn cells, form the motor areas 
of the spinal cord; the dorsal thickenings, the 
alar plates, form the sensory areas (Fig. 18.8A). 
A longitudinal groove, the sulcus limitans, 
marks the boundary between the two. The dorsal 
and ventral midline portions of the neural tube, 
known as the roof and floor plates, respectively, 
do not contain neuroblasts; they serve primarily 
as pathways for nerve fibers Crossing from one 
side to the other.

In addition to the ventral motor horn and the 
dorsal sensory horn, a group of neurons accu- 
mulates between the two areas and forms a small 
intermedíate horn (Fig. 18.85). This horn, con- 
taining neurons of the sympathetic portion of 
the autonomic nervous system (ANS), is pres- 
ent only at thoracic (T1-T12) and upper lumbar 
levels (L2 or L3) of the spinal cord.
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FIGURE 18.5 D ra w in g  o f a s a g itta l s e c tio n  th ro u g h  th e  b ra in  a t  a p p ro x im a te ly  32 d a ys  o f  h u m a n  d e v e lo p m e n t. 
T he  th re e  o rig in a l b ra in  ve s ic le s  have  s e g re g a te d  in to  th e  te le n c e p h a lo n , d ie n c e p h a lo n , m e s e n ce p h a lo n , 
m e te n c e p h a lo n , and  m ye le n c e p h a lo n . The m a jo r d e r iv a tiv e s  o f  each  o f  th e s e  d iv is io n s  a re  a iso  in d ica te d .

Histological Differentiation 
Nerve Cells
Neuroblasts, or primitive nerve cells, arise ex- 
clusively by división of the neuroepithelial cells. 
Initially, they have a central process extending 
to the lumen (transient dendrite), but when 
they migrate into the mantle layer, this process 
disappears, and neuroblasts are temporarily

round and apolar (Fig. 18.9A). With further 
diíferentiation, two new cytoplasmic processes 
appear on opposite sides of the cell body, form- 
ing a bipolar neuroblast (Fig. 18.9B). The pro­
cess at one end of the cell elongates rapidly to 
form the primitive axon, and the process at the 
other end shows a number of cytoplasmic arbo- 
rizations, the primitive dendrites (Fig. 18.9C).

Externa l lim iting  l 
m em brane r
(basem ent m em brane)

Interm ito tic  
neuroep ithe lia l ce lls

D iv id ing 
V neuroep ithe lia l ce lls

FIGURE 18.6 A. S e ctio n  o f  th e  w a ll o f  th e  re c e n tly  c lo se d  n e u ra l tu b e  s h o w in g  n e u ro e p ith e lia l ce lls , w h ic h  
fo rm  a p s e u d o s tra tif ie d  e p ith e liu m  e x te n d in g  o v e r  th e  fu ll w id th  o f  th e  w a ll. N o te  th e  d iv id in g  c e lls  a t  th e  
lu m e n  o f  th e  tu b e . B. S ca n n in g  e le c tró n  m ic ro g ra p h  o f  a s e c tio n  o f  th e  n e u ra l tu b e  o f  a ch ick  e m b ry o  s im ila r  
to  th a t  in (A).
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FIGURE 18.7 S e ctio n  o f  th e  n e u ra l tu b e  a t  a s lig h t iy  m o re  a d va n ce d  s ta g e  th a n  in F ig u re  18.6. T he m a jo r 
p o r t io n  o f  th e  w a ll c o n s is ts  o f n e u ro e p ith e lia l ce lls . On th e  p e rip h e ry , im m e d ia te ly  a d ja c e n t to  th e  e x te r ­
na l l im it in g  m e m b ra n e , n e u ro b la s ts  fo rm . T hese ce lls , w h ic h  a re  p ro d u c e d  b y  th e  n e u ro e p ith e lia l ce lls  in 
e v e r- in c re a s in g  n u m b e rs , w ill fo rm  th e  m a n tle  layer.
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FIGURE 18.8 A,B- T w o  su cce ss ive  s ta g e s  in th e  d e v e lo p m e n t o f  th e  sp in a l c o rd . N o te  fo rm a tio n  o f  v e n tra l 
m o to r  a n d  d o rs a l s e n s o ry  h o rn s  a n d  th e  in te rm e d ía te  co lu m n .
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A p o la r neurob last 
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FIGURE 18.9 V a rio u s  s ta g e s  o f d e v e lo p m e n t o f a n e u ro b la s t. A  n e u ro n  is a s tru c tu ra l a n d  fu n c tio n a l u n it 
c o n s is tin g  o f  th e  ce ll b o d y  and  a ll its  p rocesses.

The cell is then known as a multipolar neuro­
blast and with further development becomes 
the adult nerve cell or neuron. Once neuroblasts 
form, they lose their ability to divide. Axons of 
neurons in the basal píate break through the 
marginal zone and become visible on the ven­
tral aspect of the cord. Known collectively as the 
ventral motor root of the spínal nerve, they 
conduct motor impulses from the spinal cord to 
the muscles (Fig. 18.10).

Axons of neurons in the dorsal sensory horn 
(alar píate) behave diíFerently from those in the 
ventral horn. They penetrate into the marginal 
layer of the cord, where they ascend to either higher 
or lower levels to form association neurons.

Glial Cells
The majority of primitive supporting cells, the 
glia blasts, are formed by neuroepithelial cells 
after production of neuroblasts ceases. Glia 
blasts mígrate from the neuroepithelial layer 
to the mantle and marginal layers. In the man- 
tle layer, they differentiate into protoplasmic 
astrocytes and fíbrillar astrocytes (Fig. 18.11). 
These cells are situated between blood vessels 
and neurons where they provide support and 
serve metabolic functions.

Another type of supporting cell possibly de- 
rived from glia blasts is the oligodendroglial cell. 
This cell, which is found primarily in the marginal 
layer, forms myelin sheaths around the ascending 
and descending axons in the marginal layer.

In the second half of development, a third 
type of supporting cell, the microglial cell, ap- 
pears in the CNS. This highly phagocytic cell 
type is derived from vascular mesenchyme when 
blood vessels grow into the nervous system 
(Fig. 18.11). When neuroepithelial cells cease

to produce neuroblasts and glia blasts, they dif­
ferentiate into ependymal cells lining the central 
canal of the spinal cord.

Neural Crest Cells
During elevation of the neural píate, a group of 
cells appears along each edge (the crest) of the 
neural folds (Fig. 18.2). These neural crest cells 
are ectodermal in origin and extend throughout 
the length of the neural tube. Crest cells migrate 
laterally and give rise to sensory ganglia (dorsal 
root ganglia) of the spinal nerves and other cell 
types (Fig. 18.2).

During further development, neuroblasts 
of the sensory ganglia form two processes 
(Fig. 18.10A). The centrally growing processes 
penetrate the dorsal portion of the neural tube. 
In the spinal cord, they either end in the dorsal 
horn or ascend through the marginal layer to one 
of the higher brain centers. These processes are 
known collectively as the dorsal sensory root 
of the spinal nerve (Fig. 18.10B). The peripher- 
ally growing processes join fibers of the ventral 
motor roots and thus particípate in formation of 
the trunk of the spinal nerve. Eventually, these 
processes termínate in the sensory receptor or- 
gans. Henee, neuroblasts of the sensory ganglia 
derived from neural crest cells give rise to the 
dorsal root neurons.

In addition to forming sensory ganglia, cells 
of the neural crest differentiate into sympathetic 
neuroblasts, Schwann cells, pigment cells, odon- 
toblasts, meninges, and mesenchyme of the 
pharyngeal arches (see Table 6.1, p. 77).

Spinal Nerves
Motor nerve fibers begin to appear in the fourth 
week, arising from nerve cell bodies in the
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FIGURE 18.10 A. M o to r a x o n s  g ro w  o u t fro m  n e u ro n s  in th e  basa l p ía te , w h e re a s  n e u ro n s  in  d o rsa l ro o t 
g a n g lia , p o s itio n e d  o u ts id e  o f  th e  sp in a l co rd , e x te n d  p ro cesses  to w a rd  th e  d o rsa l h o rn  o f th e  sp in a l co rd  
and  to  th e  p e rlp h e ry . B. N erve  fib e rs  o f  th e  v e n tra l m o to r  ro o ts  a n d  d o rsa l s e n s o ry  ro o ts  jo ln  to  fo rm  a sp in a l 
ne rve . C. C ross se c tio n  th ro u g h  an e m b ry o  s h o w in g  d o rsa l and  v e n tra l ro o ts  co m in g  to g e th e r  to  fo rm  a sp in a l 
ne rve . A lm o s t Im m e d la te ly , sp in a l n e rve s  d iv id e  in to  d o rsa l a n d  v e n tra l p r im a ry  ra m i. D orsa l p r im a ry  ram i 
in n e rv a te  b a ck  (e p a x ia l] m u sc le s  and  p ro v id e  s e n s o ry  in n e rv a tio n  to  th e  v e rte b ra l co lu m n  a n d  sk in  o f  th e  
back. V e n tra l p r im a ry  ram i in n e rv a te  m u sc le s  o f th e  b o d y  w a ll and  lim b s  [h y p a x ia l m u sc le s ] a n d  a iso  c a rry  
s e n s o ry  fib e rs  to  th e  sk in  a n d  o th e r  s tru c tu re s . Thus, d o rsa l ro o ts  c a rry  s e n s o ry  fib e rs , v e n tra l ro o ts  c a rry  
m o to r  fib e rs , and  sp in a l n e rve s  and  d o rsa l a n d  v e n tra l p r im a ry  ra m i c a rry  b o th  m o to r  and  s e n s o ry  fib e rs .

basal plates (ventral horns) of the spinal cord.
These fibers collect into bundles known as ven­
tral nerve roots (Fig. 18.10). Dorsal nerve roots 
carrying sensory fibers origínate from nerve cell 
bodies positioned outside of the spinal cord in 
dorsal root ganglia (spinal ganglia) derived 
from neural crest cells. Processes from these 
ganglia form bundles that grow into the dorsal 
horns of the spinal cord. Distal processes join

the ventral nerve roots to form a spinal nerve 
(Fig. 18.10). Thus, dorsal root fibers carry sen­
sory innervation, whereas ventral root fibers 
carry motor innervation and, therefore, spinal 
nerves contain both sensory and motor fibers. 
Almost immediately, spinal nerves divide into 
dorsal and ventral primary rami, which con­
tain both motor and sensory fibers. Dorsal pri­
mary rami innervate dorsal axial musculature,
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FIGURE 18.11 O rig in  o f  th e  n e rve  ce ll and  th e  v a r io u s  ty p e s  o f  g lia l ce lls . N e u ro b la s ts , f ib r i l la r  a n d  p ro to p la s m ic  
a s tro c y te s , a n d  e p e n d y m a l ce lls  o r ig ín a te  fro m  n e u ro e p ith e lia l ce lls . M ic ro g lia  d e v e lo p  fro m  m e s e n c h y m e  
ce lls  o f  b lo o d  ve sse is  as th e  CNS b e c o m e s  va scu la rize d .

vertebral joints, and the skin of the back. Ventral 
primary rami innervate the limbs and ventral 
body wall and form the major nerve plexuses 
(brachial plexus and lumbosacral plexus).

Myelination
Schwann cells myelinate the peripheral nerves 
with each cell myelinating only a single axon. 
These cells origínate from neural crest, migrate 
peripherally, and wrap themselves around axons, 
forming the neurilemma sheath (Fig. 18.12). 
Beginning at the fourth month of fetal life, many 
nerve fibers take on a whitish appearance as a 
result of deposition of myelin, which is formed 
by repeated coiling of the Schwann cell mem­
brane around the axon (Fig. 18.12C).

The myelin sheath surrounding nerve fibers 
in the spinal cord has a completely diíFerent ori­
gin, the oligodendroglial cells (Fig. 18.12B,C).

Unlike Schwann cells, a single oligodendrocyte 
can myelinate up to 50 axons. Although myelin­
ation of nerve fibers in the spinal cord begins 
in approximately the fourth month of intra- 
uterine life, some of the motor fibers descend- 
ing from higher brain centers to the spinal cord 
do not become myelinated until the first year of 
postnatal life. Tracts in the nervous system be- 
come myelinated at about the time they start to 
function.

Posítional Changes of the Cord
In the third month of development, the spinal 
cord extends the entire length of the embryo, 
and spinal nerves pass through the intervertebral 
foramina at their level of origin (Fig. 18.13A). 
With increasing age, however, the vertebral col­
umn and dura lengthen more rapidly than the
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FIGURE 18.12 A. M o to r ho rn  ce ll w ith  naked ro o tle t. B. In th e  sp ina l co rd , o lig o d e n d ro g lia  ce lls  su rro u n d  th e  
v e n tra l ro o tle t; o u ts id e  th e  sp ina l co rd , S chw ann  ce lls  beg in  to  su rro u n d  th e  ro o tle t. C. In th e  sp ina l co rd , th e  
m ye lin  sh ea th  is fo rm e d  by o lig o d e n d ro g lia  ce lls ; o u ts id e  th e  sp ina l co rd , th e  sh ea th  is fo rm e d  b y  S chw ann  cells.
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neural tube, and the terminal end of the spinal 
cord gradually shifts to a higher level. At birth, 
this end is at the level of the third lumbar ver­
tebra (Fig. 18.13C). As a result of this dispro- 
portionate growth, dorsal and ventral roots of 
spinal nerves run obliquely from their segment 
of origin in the spinal cord to the correspond- 
ing level of the vertebral column where the ap- 
propriate roots unite to form spinal nerves. The 
dura remains attached to the vertebral column 
at the coccygeal level.

In the adult, the spinal cord terminates at the 
level of L2-L3, whereas the dural sac and sub­
arachnoid space extend to S2. At the end of the 
cord, a threadlike extensión of pia mater passes 
caudally, goes through the dura, which pro­
vides a covering layer at S2 and extends to the 
first coccygeal vertebra. This structure is called 
the filum termínale, and it marks the tract of 
regression of the spinal cord as well as provid- 
ing support for the cord (the part covered by 
dura and extending from S2, to the coccyx is 
also called the coccygeal ligament). Dorsal and 
ventral roots of spinal nerves below the termi­
nal end of the cord at L2-L3 collectively con- 
stitute the cauda equina (horse’s tail). When 
cerebrospinal fluid is tapped during a lumbar 
puncture, the needle is inserted at the lower 
lumbar level (L4-L5), avoiding the lower end 
of the cord.

Molecular Regulation of Nerve 
Differentiation in the Spinal Cord
Dorsal (sensory) and ventral (motor) regions of 
the developing spinal cord are dependent upon 
concentration gradients between members 
of the transforming growth factor 3  (TGF-^) 
family of growth factors secreted in the dorsal 
neural tube and sonic hedgehog (SHH) secreted 
by the notochord and floor píate (Fig. 18.14A). 
Initially, bone morphogenetic proteins (BMP) 
4 and 7 are secreted by ectoderm overlying the 
neural tube, and the presence of these proteins 
establishes a second signaling center in the roof 
píate. Then, BMP4 in the roof píate induces a 
cascade of TGF-(5 proteins, including BMP5, 
BMP7, activin, and dorsalin in the roof píate 
and surrounding area. This cascade is organized 
in time and space such that a concentration gra- 
dient of these factors is established. As a result, 
cells near the roof píate are exposed to the high- 
est concentrations with more ventrally posi- 
tioned cells seeing less and less of these factors.

Similar events occur in the ventral región of 
the neural tube, only the signaling molecule is 
SHH. This factor is first expressed in the noto­
chord followed by the establishment of a second 
signaling center in the floor píate (Fig. 18.14A). 
As a result, there is a diminishing concentration 
of SHH from the ventral to the dorsal región of 
the neural tube.
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FIGURE 18.14 A,B- D ra w in g s  i l lu s tra t in g  th e  m o le c u la r re g u la tio n  o f  n e u ro n  d if fe re n t ia t lo n  in  th e  sp in a l 
co rd . A. In it ia lly , bon e  m o rp h o g e n e tic  p ro te in  4  a n d  7 [B M P 4 and  7] s e c re te d  in  th e  e c to d e rm  o v e r iy in g  
th e  n e u ra l tu b e  e s ta b lis h  a s ig n a lin g  c e n te r  in  th e  ro o f p ía te . Then , BM P4 in th e  ro o f p ía te  u p re g u la te s  
a ca sca d e  o f  T G F -p  p ro te in s , in c lu d in g  BMPS and  7, a c tiv in , a n d  d o rs a lin  in th is  re g ió n . S im ila r ly , so n ic  
h e d g e h o g  [SHH] s e c re te d  b y  th e  n o to c h o rd  e s ta b lis h e s  a d d it io n a l SHH s ig n a lin g  in th e  f lo o r  p ía te . In 
th is  m a n n e r, an  o v e r la p p in g  g ra d ie n t in v o lv in g  th e  d o rs a l a n d  v e n tra l fa c to rs  is  e s ta b lis h e d  in th e  n e u ra l 
tu b e . B. T he g ra d ie n t e s ta b lis h e d  b y  T G F -p  p ro te in s  and  SHH a c tiv a te s  tra n s c r ip t io n  fa c to rs  th a t  re g ú ­
la te  n e u ro n a l d if fe re n t ia t io n . F o r e x a m p le , h ig h  c o n c e n tra t io n s  o f  TGF-(3 in th e  d o rs a l n e u ra l tu b e  a c tív a te  
PAX3 a n d  7 th a t  c o n tro l s e n s o ry  n e u ro n  d if fe re n t ia t io n . H igh  c o n c e n tra t io n s  o f  SHH a n d  v e ry  lo w  c o n c e n ­
tra t io n s  o f  T G F -p  n e a r th e  f lo o r  p ía te  a c tív a te  NKX2.2 a n d  NKX6.1 a n d  v e n tra l n e u ro n  fo rm a tio n . S lig h tiy  
h ig h e r c o n c e n tra t io n s  o f  T G F -p  and  s lig h t iy  lo v /e r c o n c e n tra t io n s  o f  SHH a c tív a te  NKX6.1 a n d  PAX6 and  
d if fe re n t ia t io n  o f  v e n tra l m o to r  n e u ro n s  a n d  so  on . S, s o m ite ; N, n o to c h o rd : F, f lo o rp la te

Thus, two overlapping concentrations are es­
tablished between TGF-3  family members and 
SHH. These gradients then actívate transcription 
factors that regúlate differentiation of sensory and 
motor neurons. For example, high concentrations 
of TGF-3 factors and very low concentrations 
of SHH in the dorsal neural tube actívate PAX3 
and 7 that Controls sensory neuron differentia­
tion (Fig. 18.14B). Likewise, high concentrations 
of SHH and very low concentrations of TGF-3

molecules in the ventral-most región result in ac- 
tivation of NKX2.2 and NKX6.1 and ventral neu­
ron formation. Immediately dorsal to this región, 
where slighüy lower concentrations of SHH and 
higher concentratíons of TGF-(3 molecules occur, 
expression of NKX6.1 and PAX6 is initiated, and 
these transcriptíon factors induce differentiation 
of ventíal motor horn ceUs. These interactions 
continué to produce all the different types of neu­
rons in the spinal cord.

Clinical Correlates

Neural Tube Defects
M o s t d e fe c ts  o f  th e  s p in a l c o rd  r e s u l t  f r o m  
a b n o rm a l c lo s u re  o f  th e  n e u ra l fo ld s  in  th e  
t h i r d  a n d  f o u r t h  w e e k s  o f  d e v e lo p m e n t .  T h e  
r e s u lt in g  a b n o r m a li t ie s ,  neural tube defects 
(NTDs), m a y  ín v o lv e  th e  m e n in g e s ,  v e r te b ra e ,  
m u s c le s ,  a n d  s k in . T h e  b i r th  p r e v a le n c e  o f  
N T D s , in c lu d in g  s p in a  b i f id a  a n d  a n e n c e p h -  
a ly ,  v a r ie s  a m o n g  d i f f e r e n t  p o p u la t io n s  a n d  
m a y  b e  a s  h ig h  a s  1 /2 0 0  b i r th s  in  s o m e  a re a s , 
s u c h  a s  N o r th e r n  C h in a . T h e  b i r th  p re v a le n c e  
o f  N T D s  in  t h e  U n ite d  S ta te s  h a s  d e c re a s e d  
b y  a p p r o x im a te ly  2 5 %  to  1 /1 ,5 0 0  b i r th s  s in c e  
f o r t i f ic a t í o n  o f  f lo u r  w it h  fo l ie  a c id  w a s  in s t i -  
t u te d  in  1 9 9 8 .

Spina bifida is  a  g e n e ra l t e r m  f o r  N T D s 
a f fe c t in g  t h e  s p in a l r e g ió n .  I t  c o n s is ts  o f  a 
s p i i t t in g  o f  th e  v e r te b r a l  a r c h e s  a n d  m a y  
o r  m a y  n o t  in v o lv e  u n d e r iy in g  n e u ra l t is -  
s u e . Spina bifida occulta is  a  d e fe c t  in  th e  
v e r te b r a l  a rc h e s  t h a t  is  c o v e re d  b y  s k in  a n d  
n o r m a l ly  d o e s  n o t  in v o lv e  u n d e r iy in g  n e u ra l 
t ís s u e  [F ig . 1 8 .1 5 4 ]. M o s t o f te n ,  th e  d e fe c t  o c -  
c u rs  in  t h e  s a c ra l r e g ió n  [S 1 -S 2 ) a n d  is  s o m e -  
t ím e s  m a rk e d  b y  a  p a tc h  o f  h a ir  o v e r iy in g  th e  
a f fe c te d  re g ió n .  T h e  d e fe c t ,  w h ic h  is  d u e  to  
a la c k  o f  fu s ió n  o f  t h e  v e r te b r a l  a rc h e s ,  a f -  
fe c t s  a b o u t  1 0 %  o f  o th e r w is e  n o rm a l p e o p le .  
T h e  m a l fo r m a t ío n  is  n o t  u s u a l ly  d e te c te d  a t

[con tinued ]
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FIGURE 18.15 A-E. D ra w in g s  i l lu s tra t in g  a v a r ie ty  o f NTDs in v o lv in g  th e  sp in a l c o rd . T he te rm  spino 
bifido  a p p lie s  to  a ll o f  th e  d e fe c ts  b e ca u se  th e  b o n y  a rch  o f  o n e  o r  m o re  v e r te b ra s  has  fa ile d  to  fu se  
d o rs a l to  th e  sp in a l c o rd . In so m e  cases, th e  b o n y  d e fe c t Is c o v e re d  b y  sk in  (sp ina  b if id a  o c c u lta  [A]], b u t 
th e  sp in a l co rd  is  in ta c t. O fte n , th is  d e fe c t is  n o tic e a b le  b e ca u se  o f  a p a tc h  o f  d a rk  h a ir  th a t  g ro w s  o v e r 
th e  area . In ca se s  o f  m e n in g o c e le s  (B), o n iy  a f lu id - f i l le d  sac o f m e n in g e s  p ro tru d e s  fro m  th e  d e fe c t, 
w h e re a s  m y e lo m e n in g o c e le s  in c lu d e  n e u ra l t is s u e  in th e  sa c  (C). Rachischisis re fe rs  to  NTDs in v^hich 
th e  n e u ra l tu b e  fa ils  to  c ióse , re s u lt in g  in sp in a  b if id a  a n d  e x p o s u re  o f  n e u ra l t is s u e  th a t  o fte n  b e c o m e s  
n e c ro t ic  ID,E). R a ch isch is is  m a y  o c c u r in  th e  sp in a l co rd  o r  b ra in  re g io n s  o f  th e  n e u ra l tu b e  a n d  re p - 
re s e n ts  th e  m o s t se ve re  ty p e  o f  a b n o rm a lity . M o s t sp in a l co rd  d e fe c ts  o c c u r  in th e  lu m b o s a c ra l area , 
and  5 0 %  to  7 0 %  o f  a ll NTDs can  be p re v e n te d  b y  m a te rn a l use o f fo lie  a c id  (4 0 0  |xg d a ily ) p r io r  to  and  
d u r in g  p re g n a n cy .

b i r t h  a n d  d e e s  n o t  c a u s e  d is a b i l i t y .  O f te n ,  th e  
d e fe c t  is  f i r s t  n o t íc e d  a s  a n  in c id e n ta l  f in d -  
in g  d ia g n o s e d  w h e n  a n  x - r a y  o f  th e  b a c k  is  
p e r fo r m e d .

O th e r  t y p e s  o f  s p in a  b if id a  in c lu d e  m e ­
n in g o c e le  a n d  m y e lo m e n in g o c e le .  T h e s e  a re  
s e v e re  N T D s  in  w h ic h  n e u ra l t is s u e  a n d /o r  
m e n in g e s  p r o t r u d e  th r o u g h  a d e fe c t  ín th e  
v e r te b r a l  a rc h e s  a n d  s k in  t o  fo r m  a c y s t - lík e  
s a c  (F ig . 18.15). M o s t l ie  in  th e  lu m b o s a c ra l 
re g ió n  a n d  r e s u l t  ín n e u ro lo g ic a l d é f ic i ts ,  b u t  
t h e y  a re  u s u a l ly  n o t  a s s o c ia te d  w ith  ín te l-  
le c tu a l d is a b i l i t y .  In s o m e  c a s e s , o n iy  f lu id -  
f i l le d  m e n in g e s  p r o t r u d e  th r o u g h  th e  d e fe c t  
[meningocele] (F ig . 1 8 .156 ); in  o th e rs ,  n e u ra l 
t is s u e  is  in c lu d e d  in  th e  s a c  (myelomenin- 
gocele) (F ig . 18.15C). O c c a s ío n a lly ,  t h e  n e u ra l 
f o ld s  d o  n o t  e le v a te  b u t  re m a in  a s  a f la t te n e d  
m a s s  o f  n e u ra l t is s u e  (s p in a  b i f id a  w it h  m y -  
e lo s c h is is  o r  rachischisis) (F ig s . 1 8 .1 5 D ,f a n d
18.16). Hydrocephaly re q u ir in g  in te r v e n t io n  
d e v e lo p s  in  8 0 %  to  9 0 %  o f  c h i ld re n  b o rn  
w ith  s e v e re  N T D s a n d  is o f te n  re la te d  to  th e

p re s e n c e  o f  a n  Arnold-Chiari malformation
( h e rn ia t io n  o f  p a r t  o f  th e  c e re b e llu m  in to  th e  
fo ra m e n  m a g n u m j,  w h ic h  o b s t r u c ts  th e  f lo w  
o f  c e re b ro s p in a l f lu id  a n d  c a u s e s  th e  h y d ro -  
c e p h a lu s .  H e rn ia t io n  o f  th e  c e re b e llu m  o c c u rs  
b e c a u s e  th e  s p in a l c o rd  is  te th e r e d  to  th e  
v e r te b r a l  c o lu m n  d u e  t o  i t s  a b n o rm a l d e v e l-  
o p m e n t .  A s  th e  v e r te b r a l  c o lu m n  le n g th e n s ,  
t e th e r in g  o f  t h e  c o rd  p u lís  th e  c e re b e llu m  in to  
t h e  fo ra m e n  m a g n u m , c u t t in g  o f f  t h e  f lo w  
o f  c e re b ro s p in a l f lu id .  H y d ro c e p h a lu s  c a n  be  
t r e a te d  b y  in s e r t in g  a  v e n t r ic u lo p e r i to n e a l 
s h u n t ,  w h ic h  a l lo w s  d ra in a g e  o f  t h e  c e r e b r o ­
s p in a l f lu id  f r o m  o n e  o f  t h e  c e re b ra l v e n t r ic le s  
t o  t h e  p e r i to n e a l c a v ity .

S p in a  b i f id a  c a n  b e  d ia g n o s e d  p re n a -  
t a l l y  b y  u l t r a s o u n d  a n d  b y  d e te r m in a t io n  o f  
a - f e t o p r o t e in  le v e is  in  m a te r n a l s e ru m  a n d  
a m n io t ic  f lu id .  T h e  v e r te b r a  c a n  b e  v is u a liz e d  
b y  12 w e e k s  o f  g e s ta t io n ,  a n d  d e fe c ts  in  c lo -  
s u re  o f  th e  v e r te b r a l  a r c h e s  c a n  b e  d e te c te d .  
E x p e r im e n ta l  t r e a t m e n t  f o r  t h e  d e fe c t  is  to  
p e r fo r m  s u r g e r y  in  ú te r o  a s  e a r ly  a s  2 2  w e e k s
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FIGURE 18.16 P a tie n t w ith  a se ve re  sp in a  b ifid a  
in v o lv in g  se ve ra l v e r te b ra s  in th e  lu m b o sa c ra l 
reg ión .

o f  g e s ta t io n .  T h e  f e tu s  is  e x p o s e d  b y  a n  in c i ­
s ió n  in to  t h e  u te r u s ,  t h e  d e fe c t  is  r e p a ire d ,  
a n d  t h e  in f a n t  is  p la c e d  b a c k  in  th e  u te ru s .

H y p e r th e rm ia ,  v a lp ro ic  a c id , a n d  h y p e r v i ta -  
m in o s is  A  p ro d u c e  N TD s, a s  d o  a  la rg e  n u m b e r  
o f  o th e r  te ra to g e n s .  T h e  o r ig in  o f  m o s t  N TD s 
is  m u lt i fa c to r ia l ,  a n d  th e  l ik e l ih o o d  o f  h a v -  
in g  a c h ild  w ith  s u c h  a  d e fe c t  in c re a s e s  s ig -  
n i f ic a n t ly  o n c e  o n e  a f fe c te d  o f fs p r in g  is  born. 
P re v e n t io n  o f  m a n y  N TD s is  p o s s ib le  i f  w o m e n  
ta k e  folie acid (400|jig/day] s ta r t in g  a t  le a s t  
1 m o n th  p r io r  t o  c o n c e p t io n  a n d  th e n  th r o u g h -  
o u t  t h e i r  p re g n a n c y .  S u ch  a p ro to c o l re d u c e s  
th e  o c c u r re n c e  o f  N T D s b y  a s  m u c h  a s  5 0 %  to  
7 0 % . F o lie  a c id  m a y  a is o  re d u c e  th e  in c id e n c e  
o f  autísm spectrum dísorder (ASD]. B e c a u s e  
a p p r o x im a te ly  5 0 %  o f  a ll p re g n a n c ie s  a re  u n -  
p la n n e d , i t  is  re c o m m e n d e d  t h a t  a ll w o m e n  o f  
c h i ld b e a r in g  a g e  ta k e  a m u l t iv i ta m in  c o n ta in -  
in g  4 0 0  |xg o f  fo l ie  a c id  d a ily .  F u r th e rm o re ,  
w o m e n  w h o  h a v e  h a d  a c h ild  w ith  a n  N TD  o r  
w h o  h a v e  a  fa m i ly  h is to r y  o f  N T D s s h o u ld  ta k e  
4 0 0  p,g o f  fo l ie  a c id  d a i ly  a n d  th e n  4 ,0 0 0  |j.g 
(4  m g ] p e r  d a y  s ta r t in g  a t  le a s t  1 m o n th  b e -  
fo r e  c o n c e p t io n  th r o u g h  th e  f i r s t  3  m o n th s  o f  
p re g n a n c y .

BRAIN

The brain is sometimes divided into the brain stem 
(consisting of the myelencephalon, pons from the 
metencephalon, and the mesencephalon) and the 
higher centers (cerebellum and cerebral hemi- 
spheres). The brain stem is a direct contrnuation 
of the spinal cord and has a similar organization. 
Thus, distinct basal and alar plates, representing 
motor and sensory areas, respectively, are found 
on each side of the midline. However, the higher 
centers reflect almost none of this basic pattern 
and, instead, show accentuation of the alar plates 
and regression of the basal plates.

Rhombencephalon: Hindbrain
The rhombencephalon consists of the myelen­
cephalon, the most caudal of the brain vesicles, 
and the metencephalon, which extends from 
the pontine flexure to the rhombencephalic isth- 
mus (Figs. 18.5 and 18.17).

Myelencephalon
The myelencephalon gives rise to the medidla 
oblongata, a transitional zone between the brain 
and spinal cord. It difFers from the spinal cord 
in that its lateral walls are everted (Fig. 18.18). 
Alar and basal plates separated by the sulcus 
limitans can be clearly distinguished. The basal 
píate, similar to that of the spinal cord, contains 
motor nuclei. These nuclei are divided into three 
groups: ( 1) a medial somatic efferent group, 
(2) an intermedíate special visceral efferent 
group, and (3) a lateral general visceral efferent 
group (Fig. 18.18C; Table 18.1, p. 319).

The somatic efferent group contains motor 
neurons, which form the cephalic continuation 
of the anterior horn cells. Because this group 
continúes rostrally into the mesencephalon, it 
is called the somatic efferent motor column. 
In the myelencephalon, it includes neurons of 
the hypoglossal (XII) nerve that supply the 
tongue musculature. In the metencephalon
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M esencepha lon

C erebral
hem isphere

R hom bencephalic  
isthm us
In traventricu la r 

portion o f 
rhom b ic  lip

C ut edge o f roo f o f 
4 th  ventric le

M ye lencephalon 
(m edu lla  ob longata)

N. XII

O lfacto ry
bulb

Pontine flexure  
D iencephalon 

(hypotha lam ic región)

FIGURE 18.17 L a te ra l v ie w  o f th e  b ra in  v e s ic le s  in  an  8 -w e e k  e m b ry o  [c ro w n -ru m p  le n g th  —27 m m ], The 
ro o f p ía te  o f  th e  rh o m b e n c e p h a lo n  has been re m o v e d  to  s h o w  th e  in tra v e n tr ic u la r  p o r t io n  o f  th e  rh o m b ic  
lip. N o te  th e  o r ig in  o f  th e  c ra n ia l nerves.

and the mesencephalon, the column contains 
neurons of the abducens (VI) (Fig. 18.19), 
trochlear (IV), and oculomotor (III) nerves 
(Fig. 18.23), respectively. These nerves supply 
the eye musculature.

The special visceral efferent group extends 
into the metencephalon, forming the special 
visceral eíferent motor column. Its motor neu­
rons supply striated muscles of the pharyngeal 
arches. In the myelencephalon, the column is

M eten­
cephalon

M yelen­
cephalon

4th ventric le

M esencephalon

Troch lear nerve
A la r píate

R hom bic lip

Basal píate

A la r píate

A ttachm ent 
o f roo f píate

Basal píate

C horo id  plexus 
S om a tic  afferent

Specia l v iscera l 
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G enera l 
v iscera l a fferen t

Su lcus lim itans

G eneral 
v iscera l e fferen t

O liva ry  nucleus
7  

Som atic 
efferen t 

(XII)

Specia l v iscera l 
efferent 

(IX, X, XI)

FIGURE 18.18 A. D orsa l v ie w  o f th e  f lo o r  o f  th e  fo u r th  v e n tr ic le  in a 6 -w e e k  e m b ry o  a f te r  re m o va l o f th e  ro o f 
p ía te . N o te  th e  a la r  and  basa l p la te s  in th e  m y e le n c e p h a lo n . T he rh o m b ic  lip  is v is ib le  in th e  m e te n c e p h a lo n . 
B,C. P o s itio n  and  d if fe re n t ia t io n  o f  th e  basa l and  a la r p la te s  o f  th e  m ye le n c e p h a lo n  a t  d if fe re n t s ta g e s  o f 
d e v e lo p m e n t. N o te  fo rm a tio n  o f th e  n u c le a r g ro u p s  in th e  basa l a n d  a la r  p la te s . Arrows, p a th  fo llo w e d  by 
ce lls  o f  th e  a la r p ía te  to  th e  o liv a ry  n u c le a r c o m p le x . T he  c h o ro id  p le xu s  p ro d u ce s  c e re b ro s p in a l flu id .
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TABLE 18.1 Organization of Alar and Basal Píate Neurons ín the Brainstem

Type of Cranial
Type Innervation Structures Innervated Nerves Location

G e n e ra l s o m a t ic S o m a tic  s t r ia te d E x tr in s ic  e y e  m u s c le s III, IV° V I M e te n c e p h a lo n
e f fe re n t m u s c le to n g u e XII M y e le n c e p h a lo n

S p e c ia l v is c e ra l S tr ia te d  m u s c le s  o f M u s c le s  d e r iv e d  f ro m V, VII M e te n c e p h a lo n
(b ra n c h ia l] '' t h e  p h a ry n x  (see p h a ry n g e a l a rc h e s IX, X M y e le n c e p h a lo n
e f fe r e n t T a b le  17.1, p. 2 7 8 ]

G e n e ra l v is c e ra l P a ra s y m p a th e t ic S p h in c te r  p u p il la e III M e s e n c e p h a lo n
e f fe r e n t p a th w a y s  t o  e ye

S m o o th  m u s c le s A irw a y s ,  v is c e ra , h e a r t, 
s a liv a ry  g la n d s

IX, X M y e le n c e p h a lo n

G e n e ra l v is c e ra l V is c e ra In te ro c e p t iv e  f r o m  th e X M y e le n c e p h a lo n
a f fe r e n t Gl t r a c t

S p e c ia l a f fe r e n t T a s te T a s te  f r o m  to n g u e , 
p a la te , a n d  e p ig lo t t is

V II a n d  IX M e te n c e p h a lo n
M y e le n c e p h a lo n

H e a r in g  a n d  b a la n c e C o c h ie a  a n d  s e m ic irc u la r  
c a n a ls

V III M e te n c e p h a lo n

G e n e ra l s o m a t ic G e n e ra l s e n s a t io n T o u ch , te m p e ra tu re , pa in V, V II, a n d  IX M e te n c e p h a lo n
a f fe r e n t fo r  h e a d , n e c k o v e r  he a d , neck ; m u co sa  

o f  o ra l a n d  nasa l c a v i-  
t ie s , a n d  th e  p h a ry n x

M y e le n c e p h a lo n

“ IV originales from the metencephalon but moves to  the mesencephalon.
^Branchia is an oíd term  tha t means gills. Although the pharyngeal arches resemble gills in some ways, they are not true 
gills. Therefore, pharyngeal is a more accurate term  for humans.
Gl, gastrointestinal tract

represented by neurons of the accessory (XI), 
vagus (X), and glossopharyngeal (IX) nerves.

The general visceral efferent group contains 
motor neurons that supply involuntary muscu- 
lature of the respiratory tract, intestinal tract, 
and heart.

The alar píate contains three groups of 
sensory relay nuclei (Fig. 18.18C; Table 18.1). 
The most lateral of these, the somatic aíferent

(general sensory) group, receives sensations of 
pain, temperature, and touch from the phar- 
ynx by way of the glossopharyngeal nerve 
(IX). The intermedíate, or special aíferent, 
group receives impulses from taste buds of the 
tongue, palate, oropharynx, and epiglottis and 
from the vestibulocochlear nerve (VIII) for 
hearing and balance. The medial, or general 
visceral aíferent, group receives interoceptive

Externa l g ranu la r layer

R hom bic lip

R oof píate

S o m a tic  a íferen t

Pontine nuclei

S o m a tic  e ffe ren t (VI)

-  S pecia l a íferen t

G enera l v iscera l 
a ffe ren t

G enera l v iscera l e íferen t

Specia l v iscera l e ífe ren t (V  and Vil)

FIGURE 18.19 T ra n sve rse  s e c tio n  th ro u g h  th e  ca u d a l p a r t  o f th e  m e te n c e p h a lo n . N o te  th e  d if fe re n t ia t lo n  o f 
th e  v a r io u s  m o to r  a n d  s e n s o ry  n u c le a r a re a s  in th e  basa l a n d  a la r  p la te s , re s p e c tiv e ly , and  th e  p o s itio n  o f 
th e  rh o m b ic  lips, w h ic h  p ro je c t p a r t iy  In to  th e  lu m e n  o f  th e  fo u r th  v e n tr ic le  a n d  p a r t iy  a b o ve  th e  a tta c h m e n t 
o f  th e  ro o f p ía te . Arrows, d ire c tio n  o f m ig ra tio n  o f  th e  p o n tin e  nuc le i.



Part II • Systems-Based Embryology

information from the gastrointestinal tract and 
heart.

The roof píate of the myelencephalon con- 
sists of a single layer of ependymal cells cov- 
ered by vascular mesenchyme, the pia mater 
(Fig. 18.18C). The two combined are known as 
the tela choroidea. Because of active prolifera- 
tion of the vascular mesenchyme, a number of 
sac-like invaginations project into the under- 
lying ventricular cavity (Figs. 18.18C). These 
tuft-like invaginations form the choroid plexus, 
which produces cerebrospinal fluid.

Metencephalon
The metencephalon, similar to the myelenceph­
alon, is characterized by basal and alar plates 
(Fig. 18.19). Two new components form (1) the 
cerebellum, a coordination center for posture 
and movement (Fig. 18.20), and (2) the pons, 
the pathway for nerve fibers between the spinal 
cord and the cerebral and cerebellar cortices.

Fach basal píate of the metencephalon 
(Fig. 18.19; Table 18.1) contains three groups of 
motor neurons; (1) the medial somatic eíferent 
group, which gives rise to the nucleus of the 
abducens nerve; (2) the special visceral eíferent 
group, containing nuclei of the trigeminal and 
facial nerves, which innervate the musculature of 
the first and second pharyngeal arches; and (3) the 
general visceral eíferent group, with axons that 
supply the submandibular and sublingual glands.

The marginal layer of the basal plates of the 
metencephalon expands as it makes a bridge for 
nerve fibers connecting the cerebral cortex and 
cerebellar cortex with the spinal cord. Henee, 
this portion of the metencephalon is known as

the pons (bridge). In addition to nerve fibers, 
the pons contains the pontine nuclei, which 
origínate in the alar plates of the metencephalon 
and myelencephalon (Fig. 18.19, arrows).

The alar plates of the metencephalon con- 
tain three groups of sensory nuclei: ( 1) a lateral 
somatic aíferent group, which contains neurons 
of the trigeminal nerve; (2) the special aíferent 
group; and (3) the general visceral aíferent 
group (Fig. 18.19; Table 18.1).

Cerebellum
The dorsolateral parts of the alar plates bend 
medially and form the rhombic lips (Fig. 18.18). 
In the caudal portion of the metencephalon, the 
rhombic lips are widely separated, but immedi- 
ately below the mesencephalon, they approach 
each other in the midline (Fig. 18.20). As a re- 
sult of a further deepening of the pontine flex- 
ure, the rhombic lips compress cephalocaudally 
and form the cerebellar píate (Fig. 18.20). In a 
12-week embryo, this píate shows a small mid­
line portion, the vermis, and two lateral portions, 
the hemispheres. A transverse fissure soon sepa- 
rates the nodule from the vermis and the lateral 
flocculus from the hemispheres (Fig. 18.205). 
This flocculonodular lobe is phylogenetically 
the most primitive part of the cerebellum.

Initially, the cerebellar píate consists of neuro- 
epithelial, mande, and marginallayers (Fig. 18.21A). 
During fiirther development, a number of ceUs 
formed by the neuroepithelium migrate to the sur- 
face of the cerebellum to form the extemal granu­
lar layer. Cells of this layer retain their ability to 
divide and form a proliferative zone on the surface 
of the cerebellum (Fig. 18.21B,C).

C erebe lla r
píate

M esencephalon

Extraven tricu lar 
, In traventricu lar

A la r píate

Basal píate

Ar^terior co lllcu lus

Verm is 
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F loccu lus
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m edu lla ry  ve lum  

Su lcus llm ltans
/

C ut edge  Roof píate of 
roof o f 4 th  ventrlc le  

4 th  ven trlc le  g

Poste rio r co lllcu lus

C erebe lla r hem lsphere

Foram en o f Luschka

Foram en o f M agendle  
(m edia l apertu re )

FIGURE 18.20 A. D orsa l v ie w  o f  th e  m e s e n c e p h a lo n  and  rh o m b e n c e p h a lo n  in an 8 -w e e k  e m b ry o . The ro o f 
o f  th e  fo u r th  v e n tr lc le  has been  re m o ve d , a llo w in g  a v ie w  o f  its  f lo o r. B. S im ila r v ie w  in a 4 -m o n th  e m b ry o . 
N o te  th e  ch o ro id a i f is s u re  and  th e  la te ra l and  m e d ia l a p e rtu re s  in th e  ro o f o f  th e  fo u r th  v e n tr ic ie .
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Roof píate o f 4th ventric le  
M arg ina l layer /

M esencephalor^'

Meser^cephalon

M antle layer

N euroep ithe lia l layer

Externa) g ranu la r layer
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G ray co rtex

FIGURE 18.21 S a g itta l s e c tio n s  th ro u g h  th e  ro o f o f  th e  m e te n c e p h a lo n  sh o w in g  d e v e lo p m e n t o f  th e  
c e re b e llu m . A. 8 w e e ks  (—3 0  m m ). B. 12 w e e ks  [70 m m ). C. 13 w eeks. D. 15 w e e ks . N o te  fo rm a tio n  o f  th e  
e x te rn a l g ra n u la r  la y e r on  th e  s u rfa c e  o f  th e  c e re b e lla r  p ía te  (B,C). D uring  la te r  s ta g e s , ce lls  o f  th e  e x te rn a ! 
g ra n u la r  la y e r m ig ra te  in w a rd  to  m in g le  w lth  P u rk ln je  c e lls  a n d  fo rm  th e  d e fin it iv e  c o r te x  o f  th e  c e re b e llu m . 
T he d e n ta te  n u c le u s  Is o n e  o f  th e  d eep  c e re b e lla r  nuc ie l. N o te  th e  a n te r io r  a n d  p o s te r io r  ve lu m .

In the sixth month of development, the ex­
ternal granular layer gives rise to various cell 
types. These cells migrate toward the diíferen- 
tiating Purkinje cells (Fig. 18.22) and give rise 
to granule cells. Basket and stellate cells are 
produced by proliferating cells in the cerebel­
lar white matter. The cortex of the cerebellum, 
consisting of Purkinje cells, Golgi II neurons, 
and neurons produced by the external granu­
lar layer, reaches its definitive size after birth 
(Fig. 18.22B). The deep cerebellar nuclei, such

as the dentate nucleus, reach their final position 
before birth (Fig. 18.21D).

Mesencephalon: Midbrain
In the mesencephalon (Fig. 18.23), each basal píate 
contains two groups of motor nuclei: (1) a me­
dial somatic efferent group, represented by the 
oculomotor and trochlear nerves, which inner- 
vate the eye musculature, and (2) a small gen­
eral visceral efferent group, represented by the 
nucleus of Edinger-Westphal, which innervates

Externa l g ranu la r layer

FIGURE 18.22 S ta g e s  In d e v e lo p m e n t o f  th e  c e re b e lla r  c o rte x . A. The e x te rn a l g ra n u la r la y e r on th e  su rfa ce  
o f  th e  c e re b e llu m  fo rm s  a p ro life ra tiv e  la y e r fro m  w h ic h  g ra n u le  ce lls  a rise . T hey  m ig ra te  In w a rd  fro m  th e  
s u rfa c e  [arrows]. B a ske t and  s te lla te  ce lls  d e riv e  fro m  p ro life ra tin g  ce lls  in th e  c e re b e lla r  w h ite  m a tte r . 
B. P o s tn a ta l c e re b e lla r  c o r te x  s h o w in g  d if fe re n t ia te d  P u rk in je  ce lls , th e  m o le c u la r la y e r on th e  s u rfa ce , and  
th e  in fe rn a l g ra n u la r  la y e r b e n e a th  th e  P u rk in je  ce lls .
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FIGURE 18.23 A,B- P o s itio n  a n d  d if fe re n t ia t io n  o f  th e  basa l a n d  a la r p la te s  in th e  m e s e n c e p h a lo n  a t  v a rio u s  
s ta g e s  o f  d e v e lo p m e n t./A rro w s  in (A) in d íca te  t l ie  p a t li fo llo w e d  b y  c e lls  o f th e  a la r p ía te  to  fo rm  th e  n u c le u s  
ru b e r and  s u b s ta n tia  n ig ra . N o te  th e  v a rio u s  m o to r  n u c le i in th e  basa l p ía te .

the sphincter pupillary musde (Fig. 18.23B). The 
marginal layer of each basal píate enlarges and 
forms the crus cerebri. These crura serve as path- 
ways for nerve fibers descending from the cerebral 
cortex to lower centers in the pons and spinal cord. 
Initially, the alar plates of the mesencephalon ap- 
pear as two longitudinal elevations separated by a 
shallow midline depression (Fig. 18.23). With fur- 
ther development, a transverse groove divides each 
elevation into an anterior (superior) and a poste­
rior (inferior) colliculus (Fig. 18.235). The pos­
terior coUiculi serve as synaptic relay stations for 
auditory reflexes; the anterior coUiculi fiinction as 
correlation and reflex centers for visual impulses. 
The coUiculi are formed by waves of neuroblasts 
migrating into the overiying marginal zone. Here 
they are arranged in layers (Fig. I8.23B).

Prosencephalon: Forebrain
The prosencephalon consists of the telencepha- 
lon, which forms the cerebral hemispheres, and

the diencephalon, which forms the optic cup 
and stalk, pituitary, thalamus, hypothalamus, 
and epiphysis.

Diencephalon
ROOF PLATE a n d  EPIPHYSIS

The diencephalon, which develops from the me­
dian portion of the prosencephalon (Figs. 18.5 
and 18.17), is thought to consist of a roof píate 
and two alar plates but to lack floor and basal 
plates (interestingly, SHH, a ventral midline 
marker, is expressed in the floor of the dien­
cephalon, suggesting that a floor píate does exist). 
The roof píate of the diencephalon consists of a 
single layer of ependymal ceUs covered by vas­
cular mesenchyme. Together, these layers give 
rise to the choroid plexus of the third ventricle 
(Fig. 18.30). The most caudal part of the roof píate 
develops into the pineal body, or epiphysis. This 
body initially appears as an epithelial thickening 
in the midUne, but by the seventh week, it begins 
to evaginate (Figs. 18.24 and 18.25). FventuaUy,

Roof píate of 
d iencepha lon  E P 'fta la m u s

C erebral 
hem isphere^

Foram en 
o f M onro

Lam ina 
te rm ina lis

O ptic
ch iasm a
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hickening

Latera l ventric le  
Pallium

M am illa ry  body 
H ypo tha lam us

Tha lam us

H ypo tha lam ic 
su lcus 

C horo id  plexus
3rd 
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H ippocam pus 

C horo id  plexus
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FIGURE 18.24 A. M edia l s u rfa c e  o f  th e  r ig h t h a lf  o f  th e  p ro s e n c e p h a lo n  in a 7 -w e e k  e m b ry o . B. T ra n sve rse  
s e c tio n  th ro u g h  th e  p ro s e n c e p h a lo n  a t  th e  leve l o f  th e  broken Une in (A). The c o rp u s  s tr ia tu m  b u lg e s  o u t  in 
th e  f lo o r  o f  th e  la te ra l v e n tr ic le  a n d  th e  fo ra m e n  o f M onro .
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FIGURE 18.25 A. M edia l s u rfa c e  o f  th e  r ig h t  h a lf o f  th e  te le n c e p h a lo n  and  d ie n c e p h a lo n  in  an  8 -w e e k  
e m b ry o . B,C. T ra n sve rse  s e c tlo n s  th ro u g h  th e  r ig h t h a lf  o f  th e  te le n c e p h a lo n  a n d  d ie n c e p h a lo n  a t th e  leve l 
o f  th e  broken Unes in (A).

it becomes a solid organ on the roof of the mes- 
encephalon (Fig. 18.30) that serves as a channel 
through which light and darkness aífect endo- 
crine and behavioral rhythms. In the adult, cal- 
cium is frequently deposited in the epiphysis and 
then serves as a landmark on radiographs of the 
skull.

Alar Plate, Thalamus , and  Hypothalamus

The alar plates form the lateral walls of the dien­
cephalon. A groove, the hypothalamic sulcus, 
divides the plate into a dorsal and a ventral re­
gión, the thalamus and hypothalamus, respec- 
tively (Figs. 18.24 and 18.25).

As a result of proliferative activity, the thala­
mus gradually projects into the lumen of the 
diencephalon. Frequently, this expansión is so 
great that thalamic regions from the right and

left sides fiise in the midline, forming the massa 
intermedia, or interthalamic connexus.

The hypothalamus, forming the lower portion 
of the alar plate, differentiates into a number of 
nuclear areas that regúlate the visceral functions, 
including sleep, digestión, body temperature, 
and emotional behavior. One of these groups, 
the mamillary body, forms a distinct protuber- 
ance on the ventral surface of the hypothalamus 
on each side of the midline (Figs. 18.24A and 
18.25A).

Hypo physis  or Pituitary  Gland

The hypophysis, or pituitary gland, develops from 
two completelydiíferentparts: (1) an ectodermal 
outpocketing of the stomodeum (primitive oral 
cavity) immediately in front of the oropharyn- 
geal membrane, known as Rathke’s pouch, and
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FIGURE 18.26 A. S a g itta l s e c tio n  th ro u g h  th e  c e p h a lic  p a rt o f  a 6 -w e e k  e m b ry o  s h o w in g  R a th ke ’s  p o u ch  as 
a d o rsa l o u tp o c k e tin g  o f  th e  o ra l c a v ity  and  th e  in fu n d ib u lu m  as a th ic k e n in g  in th e  f lo o r  o f  th e  d ie n c e p h a lo n . 
B,C. S a g itta l s e c tio n s  th ro u g h  th e  d e v e lo p in g  h y p o p h y s is  in th e  l l t h  and  16th w e e ks  o f  d e v e lo p m e n t, 
re s p e c tiv e ly . N o te  fo rm a tio n  o f  th e  pa rs  tu b e ra lis  e n c irc lin g  th e  s ta lk  o f  th e  pa rs  n e rvosa .

(2) a downward extensión of the diencephalon, 
the infundibulum (Fig. 18.26).

When the embryo is approximately 3 weeks 
cid, Rathke’s pouch appears as an evagination of 
the oral cavity and subsequently grows dorsaUy to- 
ward the infundibulum. By the end of the second 
month, it loses its connection with the oral cavity 
and is then in cióse contad with the infundibulum.

During further development, cells in the an­
terior wall of Rathke’s pouch increase rapidly in 
number and form the anterior lobe of the hypoph­
ysis, or adenohypophysis (Fig. 18.265). A small 
extensión of this lobe, the pars tuberalis, grows 
along the stalk of the infimdibulum and eventuaUy 
surrounds it (Fig. 18.26C). The posterior waU of 
Rathke’s pouch develops into the pars intermedia, 
which in humans seems to have little significance.

The infundibulum gives rise to the stalk and the 
pars nervosa, or posterior lobe of the hypophysis 
(neurohypophysis) (Fig. 18.26C). It is composed of 
neuroglial cells. In addition, it contains a number 
of nerve fibers from the hypothalamic area.

Clinical Correlatas L

Hypophyseal Defects
O c c a s ío n a lly , a  s m a ll p o r t io n  o f  R a th k e ’s  p o u c h  
p e rs is ts  in  th e  ro o f  o f  th e  p h a ry n x  a s  a  pha­
ryngeal hypophysis. Craniopharyngiomas
a r is e  f r o m  re m n a n ts  o f  R a th k e ’s  p o u c h . T h e y  
m a y  fo rm  w ith in  th e  s e lla  tu rc ic a  o r  a lo n g  th e  
s ta lk  o f  th e  p i tu i ta r y  b u t  u s u a lly  lie  a b o v e  th e  
s e lla . T h e y  m a y  c a u s e  h y d ro c e p h a lu s  a n d  
p i tu i ta r y  d y s fu n c t io n  (e.g., d ia b e te s  in s ip id u s , 
g r o w th  fa ilu re ) .

Telencephalon
The telencephalon, the most rostral of the brain 
vesicles, consists oftwo lateral outpocketings, the 
cerebral hemispheres, and a median portion, 
the lamina terminales (Figs. 18.5, 18.24, and 
18.25). The cavities of the hemispheres, the lat­
eral ventricles, communicate with the lumen of 
the diencephalon through the interventricular 
foramina of Monro (Fig. 18.24).

Cerebral Hemispheres

The cerebral hemispheres arise at the beginning 
of the fifth week of development as bilateral 
evaginations of the lateral wall of the prosen- 
cephalon (Fig. 18.24). By the middle of the sec­
ond month, the basal part of the hemispheres 
(Le., the part that initially formed the forward 
extensión of the thalamus) (Fig. 18.24A) begins 
to grow and bulges into the lumen of the lateral 
ventricle and into the floor of the foramen of 
Monro (Figs. 18.24B and 18.25A,B). In trans- 
verse sections, the rapidly growing región has 
a striated appearance and is therefore known as 
the Corpus striatum (Fig. 18.25B).

In the región where the wall of the hemi- 
sphere is attached to the roof of the diencepha­
lon, the wall fails to develop neuroblasts and 
remains very thin (Fig. 18.245). Here the hemi- 
sphere wall consists of a single layer of ependy- 
mal cells covered by vascular mesenchyme, and 
together, they form the choroid plexus. The 
choroid plexus should have formed the roof of 
the hemisphere, but as a result of the dispro- 
portionate growth of the various parts of the 
hemisphere, it protrudes into the lateral ventri­
cle along the choroidal físsure (Figs. 18.25 and 
18.27). Immediately above the choroidal físsure, 
the wall of the hemisphere thickens, forming the
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hippocampus (Figs. 18.24B and 18.25B). This 
structure’s primary fiinction is olfaction, and it 
bulges into the lateral ventricle.

With further expansión, the hemispheres 
cover the lateral aspect of the diencephalon, 
mesencephalon, and cephalic portion of the 
metencephalon (Figs. 18.27 and 18.28). The 
Corpus striatum (Fig. 18.24B), being a part of 
the wall of the hemisphere, likewise expands 
posteriorly and is divided into two parts:
( 1) a dorsomedial portion, the caudate nucleus, 
and (2 ) a ventrolateral portion, the lentiform 
nucleus (Fig. 18.27B). This división is accom- 
plished by axons passing to and from the cor- 
tex of the hemisphere and breaking through the

nuclear mass of the corpus striatum. The fiber 
bundle thus formed is known as the intemal 
capsule (Fig. 18.27B). At the same time, the 
medial wall of the hemisphere and the lateral 
wall of the diencephalon fuse, and the caudate 
nucleus and thalamus come into cióse contact 
(Fig. 18.27B).

Continuous growth of the cerebral hemi­
spheres in anterior, dorsal, and inferior di- 
rections results in the formation of frontal, 
temporal, and occipital lobes, respectively. As 
growth in the región overlying the corpus stria­
tum slows, however, the area between the fron­
tal and temporal lobes becomes depressed and is 
known as the ínsula (Fig. 18.28A). This región

FIGURE 18.27 A. M edia l su rfa ce  
o f  th e  r ig h t h a lf  o f  th e  te le n -  
ce p h a lo n  and  d ie n c e p h a lo n  In a
1 0 -w e e k  e m b t7 0 . B. T ra n sve rse  
s e c tlo n  th ro u g h  th e  h e m isp h e re  
and  d ie n c e p h a lo n  a t  th e  leve l o f  
th e  broken Une in lA).
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FIGURE 18.28 D e v e lo p m e n t o f  g yh  and  su lc i on  th e  la te ra l s u rfa c e  o f  th e  ce re b ra l h e m isp h e re . A. 7 m o n th s .
B. 9  m o n th s .

is later overgrown by the adjacent lobes and at 
the time of birth is almost completely covered. 
During the final part of fetal life, the surface 
of the cerebral hemispheres grows so rapidly 
that a great many convolutions (gyri) sepa- 
rated by fissures and sulci appear on its surface 
(Fig. 18.28B).

CoRTEX D e v e l o p m e n t

The cerebral cortex develops from the pallium 
(Fig. 18.24B), which has two regions: (1) the 
paleopallium, or archipallium, immediately 
lateral to the corpus striatum (Fig. 18.25B), and
(2) the neopallium, between the hippocampus 
and the paleopallium (Figs. 18.256 and 18.27B).

In the neopallium, waves of neuroblasts mi- 
grate to a subpial position and then differentiate 
into fully mature neurons. When the next wave 
of neuroblasts arrives, they migrate through the 
earlier formed layers of cells until they reach the 
subpial position. Henee, the early formed neu­
roblasts obtain a deep position in the cortex, 
whereas those formed later obtain a more super­
ficial position.

At birth, the cortex has a stratified appear- 
ance due to differentiation of the cells in layers. 
The motor cortex contains a large number of 
pyramidal cells, and the sensory areas are char- 
acterized by granular cells.

Differentiation of the olfactory system is 
dependent on epithelial-mesenchymal interac- 
tions. These occur between neural crest cells and 
ectoderm of the frontonasal prominence to form 
the olfactory placodes (see Chapter 17, p. 292) 
and between these same crest cells and the floor 
of the telencephalon to form the olfactory bulbs

(Fig. 18.29). Cells in the nasal placodes diíferen- 
tiate into primary sensory neurons of the nasal 
epithelium, which has axons that grow and 
make contact with secondary neurons in the de- 
veloping olfactory bulbs (Fig. 18.29). By the sev- 
enth week, these contacts are well established. 
As growth of the brain continúes, the olfactory 
bulbs and the olfactory tracts of the secondary 
neurons lengthen, and together they constitute 
the olfactory nerve (Fig. 18.30).

COMMISSURES
In the adult, a number of fiber bundles, the 
commissures, which cross the midline, connect 
the right and left halves of the hemispheres. The 
most important fiber bundles make use of the 
lamina terminalis (Figs. 18.24A and 18.25A). 
The first of the Crossing bundles to appear is 
the anterior commissure. It consists of fibers 
connecting the olfactory bulb and related brain 
areas of one hemisphere to those of the opposite 
side (Figs. 18.27A and 18.30).

The second commissure to appear is the hip- 
pocampal commissure, or fornix commissure. 
Its fibers arise in the hippocampus and con­
verge on the lamina terminalis cióse to the roof 
píate of the diencephalon. From here, the fibers 
continué, forming an arching system immedi­
ately outside the choroid fissure, to the mamil- 
lary body and the hypothalamus.

Another important commissure is the corpus 
callosum. It appears by the lOth week of devel­
opment and connects the nonolfactory areas of 
the right and the left cerebral cortices. Initially, 
it forms a small bundle in the lamina terminalis 
(Fig. 18.27A). As a result of continuous expansión
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FIGURE 18.29 A. S a g itta l s e c tio n  th ro u g h  th e  nasa l p it  and  lo w e r rim  o f  th e  m e d ia l nasa l p ro m in e n c e  o f 
a 6 -w e e k  e m b ry o . The p r im it iv e  nasa l c a v ity  is s e p a ra te d  fro m  th e  o ra l c a v ity  b y  th e  o ro n a sa l m e m b ra n e .
B. S im ila r s e c tio n  as in (A) to w a rd  th e  end  o f  th e  s ix th  w eek, s h o w in g  b re a k d o w n  o f th e  o ro n a s a l m e m b ra n e .
C. A t  7 w eeks, n e u ro n s  in th e  nasa l e p ith e liu m  h a ve  e x te n d e d  p ro ce sse s  th a t  c o n ta c t th e  f lo o r  o f th e  te le n -  
c e p h a lo n  in th e  re g ió n  o f  th e  d e v e lo p in g  o lfa c to ry  bu lbs . D. By 9 w/eeks, d e fin it iv e  o ro n a sa l s tru c tu re s  have 
fo rm e d , n e u ro n s  in  th e  nasa l e p ith e liu m  a re  w/ell d if fe re n t ia te d , a n d  s e c o n d a ry  n e u ro n s  fro m  th e  o lfa c to ry  
b u lb s  to  th e  b ra in  b e g in  to  le n g th e n . T o g e th e r, th e  o lfa c to ry  b u lb s  and  tra c ts  o f  th e  s e c o n d a ry  n e u ro n s  c o n - 
s t itu te  th e  o lfa c to ry  ne rve  [F ig. 18.30],
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FIGURE 18.30 M ed ia l s u rfa c e  o f  th e  r ig h t  h a lf o f  th e  b ra in  in a 4 -m o n th  e m b ry o  s h o w in g  th e  v a r io u s  com - 
m issu re s . Broken Une, fu tu re  s ite  o f  th e  c o rp u s  c a llo su m . T he h ip p o c a m p a l c o m m is s u re  is n o t in d ica te d .
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of the neopallium, however, it extends first ante- 
ríorly and then posteriorly, arching over the thin 
roof of the diencephalon (Fig. 18.30).

In addition to the three commissures devel- 
oping in the lamina terminalis, three more ap- 
pear. Two of these, the posterior and habenular 
commissures, are just below and rostral to the 
stalk of the pineal gland. The third, the optic 
chiasma, which appears in the rostral wall of the 
diencephalon, contains fibers from the medial 
halves ofthe retinae (Fig. 18.30).

C e r e b r o s p in a l  F l u id

Cerebrospinal fluid (CSF) is secreted by the 
choroid plexuses in the brain ventricles. These 
plexuses are modifications of the ependymal 
layer and produce approximately 400 to 500 mL 
of CSF per day. The fluid circulates through the 
brain ventricles leaving the lateral ventricles, 
for example, through the interventricular fo- 
ramina, entering the third ventricle, and then 
passing through the cerebral aqueduct into the 
fburth ventricle (Fig. 18.30). Some CSF enters 
the spinal canal, and some exits the fourth ven­
tricle through its median and lateral apertures 
to enter the subarachnoid space that surrounds 
the CNS. CSF is absorbed into the venous sys- 
tem from the subarachnoid space through 
arachnoid granulations, especially those that 
project into the superior sagittal sinus. CSF 
“floats” the brain and, thus, provides a cushion 
for the brain and gives it buoyancy so that its 
weight does not compress cranial nerves against 
the inside of the skull.

■  MOLECULAR REGULATION OF 
BRAIN DEVELOPMENT____________

Anteroposterior (craniocaudal) patterning of the 
CNS begins early in development, during gas- 
trulation and neural induction (see Chapters 5 
and 6). Once the neural píate is established, sig­
náis for segregation of the brain into forebrain, 
midbrain, and hindbrain regions are derived from 
homeobox genes expressed in the notochord, 
prechordal píate, and neural píate. The hindbrain 
has eight segments, the rhombomeres, that have 
variable expression patterns of the Antennapedia 
class of homeobox genes, the HOX genes (see 
Chapter 6 , p. 88). These genes are expressed in 
overlapping (nested) patterns, with genes at 
the most 3' end of a cluster having more ante­
rior boundaries and paralogous genes having

■  H 0XB1
□  H 0 X A 2
□  H 0 X B 2

□  H 0X A 3 , B3, D3
□  H 0X A 4 , 84 , D4

FIGURE 18.31 P a tte rn s  o f  HOX g ene  e x p re s s io n  in 
th e  li in d b ra in . HOX g e n e s  a re  e xp re sse d  in o v e r ­
la p p in g  p a tte rn s  e n d in g  a t  s p e c if ic  r i io m b o m e re  
b o u n d a rie s . G enes a t  t i ie  3 ' end  o f  a c lu s te r  h a ve  th e  
m o s t a n te r io r  b o u n d a rie s , and  p a ra lo g o u s  g enes  
ha ve  id e n tic a l e x p re s s io n  d o m a in s . T hese  g enes  
c o n fe r p o s itio n a l va lu é  a lo n g  th e  a n te r io r -p o s te r io r  
a x is  o f  th e  h in d b ra in , d e te rm in e  th e  id e n t ity  o f  th e  
rh o m b o m e re s , and  s p e c ify  th e ir  d e riv a tiv e s .

identical expression domains (Fig. 18.31). Genes 
at the 3' end are also expressed earlier than those 
at the 5' end, so that a temporal relation to the 
expression pattern is established. These genes, 
then, confer positional valué along the antero­
posterior axis of the hindbrain, determine the 
identity of the rhombomeres, and specify their 
derivatives. How this regulation occurs is not 
clear, although retinoids (retinoic acid) play a 
critical role in regulating HOX expression. For 
example, excess retinoic acid shifts HOX gene 
expression anteriorly and causes more cranial 
rhombomeres to differentiate into more caudal 
types. Retinoic acid deñciency results in a small 
hindbrain. There is also a differential response to 
retinoic acid by the HOX genes; those at the 3' 
end of the cluster are more sensitive than those 
at the 5' end.

Speciñcation of the forebrain and midbrain 
areas is also regulated by genes containing a 
homeodomain. However, these genes are not 
of the Antennapedia class, whose most anterior 
boundary of expression stops at rhombomere 3. 
Thus, new genes have assumed the pattern­
ing role for these regions of the brain, which 
evolutionarily constitute the “new head.” At the 
neural píate stage, LIM l, expressed in the pre­
chordal píate, and 0TX2, expressed in the neural
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píate, are important for designating the forebrain 
and midbrain areas, with LIM l supporting 0TX2 
expression. (These genes are also expressed at 
the earliest stages of gastrulation, and they assist 
in specifying the entire cranial región of the epi- 
blast.) Once the neural folds and pharyngeal 
arches appear, additional homeobox genes, in- 
cluding OTXl, EMXl, and EMX2, are expressed 
in specific and in overlapping (nested) patterns 
in the mid- and forebrain regions and specify the 
identity of these areas. Once these boundaries 
are established, two additional organizing cen- 
ters appear: the anterior neural ridge (ANR) at 
the junction of the cranial border of the neural 
píate and nonneural ectoderm (Fig. 18.32) and 
the isthmus (Fig. 18.33) between the hindbrain 
and midbrain. In both locations, fibroblast 
growth factor 8 (FGF8) is the key signaling 
molecule, inducing subsequent gene expres­
sion that regulates diíFerentiation. In the ANR at 
the four-somite stage, FGF8 induces expression 
of FOXGl, a transcription factor (Fig. 18.32). 
FOXGl then regulates development of the tel- 
encephalon (cerebral hemispheres) and regional 
specification within the forebrain, including

the basal telencephalon and the retina. In the 
isthmus at the junction between the midbrain 
and hindbrain territories, FGF8 is expressed in 
a ring around the circumference of this loca- 
tion (Fig. 18.33). FGF8 induces expression of 
ENGRAILED 1 and 2 {ENl and EN2), two ho- 
meobox-containing genes, expressed in gradi- 
ents radiating anteriorly and posteriorly from the 
isthmus. ENl regulates development throughout 
its expression domain, including the dorsal mid­
brain (tectum) and anterior hindbrain (cerebel- 
lum), whereas EN2 is involved only in cerebellar 
development. FGF8 also induces W NTl expres­
sion in a circumferential band anterior to the 
región of FGF8 expression (Fig. 18.33). WNTl 
interacts with ENl and EN2 to regúlate develop­
ment of this región, including the cerebellum. 
In fact, WNTl may assist in early specification 
of the midbrain area since it is expressed in this 
región at the neural píate stage. FGF8 is also 
expressed at this early time in mesoderm un- 
derlying the midbrain-hindbrain junction and 
may therefore regúlate WNTl expression and 
initial patterning of this región. The constriction 
for the isthmus is slightly posterior to the actual
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FIGURE 1 8 .3 2  A . D orsa l v ie w  o f  a la te  p re s o m ite  s ta g e  e m b ry o  a t  a p p ro x im a te ly  18 d a ys  sh o w in g  d e v e lo p ­
m e n t o f  th e  n e u ra l p ía te  In th e  c ra n ia l re g ló n  [blue a rea). B. D Iag ram  o f  th e  c ra n ia l n e u ra l p ía te  re g ló n  sh o w n  
in  (A ) [blue a rea ] lllu s tra t in g  th e  o rg a n iz in g  c e n te r kn o w n  as th e  anterior neuroi ridge [ANR]. T h is  a rea  lies  In 
th e  m o s t a n te r io r  re g ió n  o f  th e  n e u ra l p ía te  a n d  s e c re te s  f ib ro b la s t  g ro w th  fa c to r  8  (FGF8], w h ic h  in d u ce s  
e x p re s s io n  o f  FOXGl in a d ja c e n t n e u re c to d e rm . FOXGl re g u la te s  d e v e lo p m e n t o f  th e  te le n c e p h a lo n  [c e re ­
b ra l h e m isp h e re s ) a n d  re g io n a l s p e c if ic a tio n  v / ith in  th e  p ro s e n c e p h a lo n  [PR]. S o n ic  h e d g e h o g  [SHH), se - 
c re te d  b y  th e  p re c h o rd a l p ía te  [P] and  n o to c h o rd  [A/], v e n tra liz e s  th e  b ra in  a n d  in d u c e s  e x p re s s io n  o f  NKX2.1, 
w h ic h  re g u la te s  d e v e lo p m e n t o f  th e  h y p o th a la m u s . Bone m o rp h o g e n e tic  p ro te in  4  and  7 [B M P 4 and  7), 
s e c re te d  b y  th e  a d ja c e n t n o n n e u ra l e c to d e rm , c o n tro l d o rs a l p a tte rn in g  o f  th e  b ra in . M , m e s e n ce p h a lo n ; 
R. rh o m b e n ce p h a lo n .
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FIGURE 18.33 O rg a n iz in g  c e n te r in th e  rh o m b - 
e n c e p h a lic  is th m u s  a t  th e  b o u n d a rie s  b e tw e e n  
th e  m id b ra in  and  h in d b ra in . T h is  re g ió n  s e ­
c re te s  f ib ro b la s t  g ro w th  fa c to r  8  [FGF8] in  a 
c irc u m fe re n tia l rin g  th a t  in d u ce s  e xp re ss io n  
o f  ENGRAILED 1 a n d  2 [ENl a n d  EN2] in g ra d i-  
e n ts  a n te r io r iy  a n d  p o s te h o r iy  fro m  th is  area. 
ENl re g ú la le s  d e v e lo p m e n t o f  th e  d o rs a l m id ­
b ra in , and  b o th  g e n e s  p a rt ic ip a te  in fo rm a tio n  
o f  th e  c e re b e ilu m . WNTT, a n o th e r  g ene  in d u ce d  
b y  FGF8, a iso  a s s is ts  in d e v e lo p m e n t o f  th e  
c e re b e ilu m .

M idbra in

D iencephalon

Telencephalon

Sp inal cord

■  FG F8
■  WNT1
□  E N 1 ,2
□  SHH

midbrain-hindbrain junction, which lies at the 
caudal limit of 0TX2  expression.

Dorsoventral (mediolateral) patterning also 
occurs in the forebrain and midbrain areas. 
Ventral patterning is controUed by SHH just as 
it is throughout the remainder of the CNS. SHH, 
secreted by the prechordal píate, induces expres­
sion ofNKX2 .1, ahomeodomain-containing gene 
that regúlales development of the hypothalamus. 
Importantly, SHH signaling requires cleavage 
of the protein, and the carboxy-terminal por- 
tion executes this process. Following cleavage of 
the SHH protein, cholesterol is covalently linked 
to the carboxy-terminus of the amino-terminal 
product. The amino-terminal portion retains all 
of the signaling properties of SHH, and its asso- 
ciation with cholesterol assists in its distribution.

Dorsal (lateral) patterning of the neural tube is 
controUed by BMP4 and BMP7 expressed in the 
nonneural ectoderm adjacent to the neural píate.

These proteins induce expression of MSXl in the 
midline and repress expression of FOXGl (Fig. 
18.32). Once the neural tube is closed, BMP2 
and 4 are expressed in the roof píate, and these 
proteins regúlate expression of the transcription 
factor LHX2 in the cortex. This expression then 
initiates a cascade of genes to pattern this región.

Expression patterns of genes regulating 
anterior-posterior (craniocaudal) and dorso- 
ventral (mediolateral) patterning of the brain 
overlap and interact at the borders of these re- 
gions. Furthermore, various brain regions are 
competent to respond to specific signáis and not 
to others. For example, only the cranial part of 
the neural píate expresses NKX2.1 in response 
to SHH. Likewise, only the anterior neural píate 
expresses FOXGl in response to FGF8 ; mid­
brain levels express EN2 in response to the same 
FGF8 signal. Thus, a competence to respond 
also assists in specifying regional diíFerences.

Clinical Correlates

Cranial Defects
Holoprosencephaly (HPE) re fe rs  t o  a  s p e c -  
t r u m  o f  a b n o rm a li t ie s  in  w h ic h  a  io s s  o f  m id ­
lin e  s t ru c tu re s  re s u lts  in m a lfo rm a t io n s  o f  th e  
b ra in  a n d  fa c e . In s e v e re  ca s e s , th e  la te ra l v e n -  
t r ic le s  m e rg e  in to  a  s in g le  telencephalic vesicle 
(alobar HPEl, th e  e y e s  a re  fu s e d , a n d  th e re  is  
a s in g le  n a s a l c h a m b e r  a lo n g  w ith  o th e r  m id ­
lin e  fa c ia l d e fe c ts  (F ig . 1 8 .3 4 ]. In le s s  s e v e re  
ca se s , s o m e  d iv is ió n  o f  th e  p ro s e n c e p h a lo n  in to  
tw o  c e re b ra l h e m is p h e re s  o c c u rs , b u t  th e re  is

in c o m p le te  d e v e lo p m e n t  o f  m id lin e  s tru c tu re s .  
U s u a lly , th e  o lfa c to r y  b u lb s  a n d  t r a c ts  a n d  th e  
C o rp u s  c a llo s u m  a re  h y p o p la s t ic  o r  a b s e n t.  
In v e ry  m ild  ca se s , s o m e t im e s  th e  o n ly  in d ic a -  
t io n  th a t  s o m e  d e g re e  o f  HPE h a s  o c c u r re d  is  
th e  p re s e n c e  o f  a  s in g le  c e n tra l in c is o r . HPE 
o c c u rs  in  1 /1 5 ,0 0 0  liv e  b ir th s  b u t  is  p re s e n t in 
1 /2 5 0  p re g n a n c ie s  t h a t  e n d  in  e a r ly  m is c a r -  
r ia g e . M u ta t io n s  in SHH, th e  g e n e  t h a t  re g ú la le s  
e s la b l is h m e n l o f  th e  v e n tra l m id lin e  in  th e  CNS, 
r e s u l l  in  s o m e  fo rm s  o f  HPE. A n o th e r  c a u s e  is
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FIGURE 18.34 C hild  w ith  HPE. N o te  th a t  a loss  o f 
m id lin e  tis s u e  has re s u lte d  in a m id lin e  c le f t  lip, 
lack  o f  nasa l t is su e , a n d  e ye s  th a t  a re  to o  c ióse  
to g e th e r  [h y p o te lo r is m ]. In th e  b ra in , th e  loss 
o f  m id lin e  tis s u e  causes  th e  la te ra l v e n tr ic le s  to  
m e rg e  in to  a s in g le  ch a m b e r. M u ta tio n s  in th e  
g ene  SHH, w h ic h  s p e c ifie s  th e  m id lin e  o f  th e  CNS 
a t  n e u ra l p ía te  s ta g e s , a re  o n e  cau se  fo r  th is  
s p e c tru m  o f  a b n o rm a lit ie s .

d e fe c t iv e  cholesterol biosynthesis le a d in g  
to  Smith-Lemli-Opitz syndrome. T h e s e  c h il-  
d re n  h a v e  c ra n io fa c ia l a n d  l im b  d e fe c ts , a n d  
5 %  h a v e  HPE. S m ith -L e m li-O p itz  s y n d ro m e  is 
an  a u to s o m a l re c e s s iv e  c o n d it io n  d u e  t o  a b ­
n o rm a li t ie s  in  7-dehydrocholesterol reduc­
íase, w h ic h  m e ta b o liz e s  7 -d e h y d ro c h o le s te ro l 
t o  c h o le s te ro l.  M a n y  o f  th e  d e fe c ts , in c lu d in g  
th o s e  o f  th e  lim b s  a n d  b ra in , m a y  be  d u e  to  
a b n o rm a l SHH s ig n a lin g , a s  c h o le s te ro l is  n e c -  
e s s a ry  f o r  th is  g e n e  t o  e x e r t  i ts  e f fe c ts .  O th e r  
g e n e t ic  c a u s e s  in c lu d e  m u ta t io n s  in  th e  t r a n -  
s c r ip t io n  fa c to rs  SINE OCCULIS HOMEOBOX 3 
[SIX3], TG-INTERACTING FACTOR {TGIF], a n d  
th e  ZINC FINGER PROTEIN [ZIC2]

Schizencephaly is  a  ra re  d is o rd e r  in  w h ic h  
la rg e  c le f ts  o c c u r  in  th e  c e re b ra l h e m is p h e re s ,  
s o m e t im e s  c a u s in g  a  lo s s  o f  b ra in  t is s u e . 
M u ta t io n s  in  th e  h o m e o b o x  g e n e  EMX2 a p p e a r  
to  a c c o u n t  f o r  s o m e  o f  th e s e  c a se s .

O s s if ic a t io n  d e fe c ts  in  b o n e s  o f  th e  s k u li 
c a n  r e s u lt  in  meningoceles, meningoenceph- 
aloceles, a n d  meningohydroencephaloceles. 
T h e  m o s t  f r e q u e n t ly  a f fe c te d  b o n e  is th e  s q u a -  
m o u s  p a r t  o f  th e  o c c ip ita l b o n e , w h ic h  m a y  be 
p a r t ia l ly  o r t o t a l l y  la c k in g . I f  t h e  o p e n in g  o f  th e  
o c c ip ita l b o n e  is  s m a ll,  o n iy  m e n in g e s  b u lg e  
th r o u g h  i t  (meningocele), b u t  i f  t h e  d e fe c t  is  
la rg e , p a r t  o f  th e  b ra in  a n d  e v e n  p a r t  o f  th e  
v e n t r ic le  m a y  p e n e t r a te  th r o u g h  th e  o p e n in g  
in to  th e  m e n in g e a l s a c  (F ig s . 1 8 .3 5  a n d  1 8 .3 6 ].

Dura mater

Subarachnoidal 
space

Arachnoid 

Meningocele

Brain tissue 

Meningoencephalocele

Ventricular lumen

Meningohydro-
encephalocele

FIGURE 18.35 A. P ro file  o f  a ch ild  w ith  a sku li d e fe c t in  th e  o c c ip ita l re g ió n  w ith  p ro tru d in g  m e n in g e s  
a n d /o r  n e u ra l tissu e . B-D. D ra w in g s  illu s tra t in g  v a r io u s  ty p e s  o f  sku li d e fe c ts  in w h ic h  m e n in g e s  (m e n in ­
g o ce le  [B]] o r m e n in g e s  w ith  n e u ra l tis s u e  [m e n in g o e n c e p h a lo c e le  [C] and  m e n in g o h y d ro e n c e p h a lo c e le  
[D]] p ro tru d e  th ro u g h  a b o n y  d e fe c t. T he  d e fe c ts  u s u a lly  o c c u r in  th e  o c c ip ita l re g ió n  b u t m a y  in vo lve  
o th e r  a re a s  o f th e  sku li, such  as th e  fro n to n a s a l re g ió n . In m o s t cases, th e  o r ig in  o f  th e s e  d e fe c ts  is due  
to  a b n o rm a l n e u ra l tu b e  c lo su re , a n d  m a n y  can be p re v e n te d  b y  m a te rn a l use o f  fo lie  a c id  [4 0 0  | ig  d a ily ] 
p r io r  to  a n d  d u r in g  p re g n a n cy .

[continued]
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FIGURE 18.36 Fetus  w ith  a la rg e  o c c ip ita l m e n in - 
g o e n c e p lia lo c e le . S o m e  in fa n ts  w ith  s m a lle r  d e - 
fe c ts  can s u rv iv e  w ith  su rg e ry , a n d  th e ir  d e g re e  
o f n e u ro lo g ic a l d é fic its  d e p e n d s  on  th e  a m o u n t o f 
n e u ra i tis s u e  th a t  is a b n o rm a i o r ios t.

T h e  la t t e r  tw o  m a lfo r m a t io n s  a re  k n o w n  a s  
meningoencephalocele a n d  meningohydro- 
encephalocele, re s p e c t iv e ly .  T h e s e  d e fe c ts  
o c c u r  in  1 /1 2 ,0 0 0  b ír th s .

Exencephaly is  c h a ra c te r iz e d  b y  fa ilu re  o f 
th e  c e p h a lic  p a r t  o f  th e  n e u ra l tu b e  t o  c ió se . 
A s  a  re s u lt ,  th e  v a u lt  o f  th e  s k u li d o e s  n o t  fo rm , 
le a v in g  th e  m a lfo rm e d  b ra in  e x p o s e d . L a te r, 
th is  t is s u e  d e g e n e ra te s , le a v in g  a  m a s s  o f  n e -  
c ro t ic  t is s u e . T h is  d e fe c t  is  c a lle d  anencephaly, 
a ith o u g h  th e  b ra in  s te m  re m a in s  in ta c t  (F ig. 
18.37/4). in  s o m e  ca se s , th e  c lo s u re  d e fe c t  o f 
th e  n e u ra l tu b e  e x te n d s  c a u d a lly  in to  th e  s p in a l 
c o rd , a n d  th e  a b n o rm a lity  is  c a lle d  craniorachis- 
chisís (F ig. 18 .376). A g a in , th e re  is  a n e n c e p h ­
a ly  b u t  w ith  a la rg e  d e fe c t  in v o lv in g  th e  sp in e . 
B e ca u se  a n e n c e p h a lic  fe tu s e s  la c k  a s w a llo w -  
in g  re f le x , th e  la s t  2  m o n th s  o f  p re g n a n c y  a re  
c h a ra c te r iz e d  b y  polyhydramnios. T h e  a b n o r ­
m a l i ty  c a n  b e  re c o g n iz e d  o n  u ltra s o u n d , a s  th e  
v a u lt  o f  th e  s k u li is  a b s e n t.  A n e n c e p h a ly  o c c u rs  
in  1 p e r  5 ,0 0 0  b ir th s  a n d  is  m o re  c o m m o n  in  fe -  
m a le s  th a n  in  m a le s . L ike  s p in a  b if id a , m a n y  o f 
th e s e  c a s e s  c a n  be  p re v e n te d  b y  h a v in g  w o m e n

FIGURE 18.37 A. Fetus w ith  a n e n c e p h a ly  [a b s e n t 
b ra in ] d u e  to  a lack  o f  c lo s u re  o f th e  c ra n ia l n e u ­
ra l fo ld s . O nce th e  fo ld s  fa il to  c ióse , n e u ra l tis su e  
is d is o rg a n iz e d  and  is  e xp o se d  to  a m n io t ic  flu id , 
w h ic h  ca uses  n e c ro s is  and  loss  o f  tissu e . T h is  d e ­
fe c t  is a lw a y s  fa ta l, a n d  m o s t p re g n a n c ie s  w ith  
such  cases  a re  te rm in a te d . B. F e tu s  w ith  a n e n ­
c e p h a ly  and  c ra n io ra c h is c h is is . The n e u ra l tu b e  
has  fa ile d  to  c ió se  in  c ra n ia l and  u p p e r sp in a l co rd  
re g io n s  re s u ltin g  in m a ss ive  n e c ro s is  o f n e u ra l t is ­
sue. The d e fe c ts  il lu s tra te d  in lA) an d  ÍB) can be 
p re v e n te d  b y  m a te rn a l use o f  fo lie  ac id  (4 0 0  ^ig 
d a ily ] p r io r  to  and  d u rin g  p re g n a n cy .
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ta k e  4 0 0  |j.g o f  fo lie  a c id  p e r  d a y  b e fo re  a n d  d u r -  
in g  e a r ly  p re g n a n c y .

Hydrocephalus is  c h a ra c te r iz e d  b y  a n  a b -  
n o rm a l a c c u m u la t io n  o f  CSF w ith in  th e  v e n -  
t r ic u la r  s y s te m . In  m o s t  c a s e s , h y d ro c e p h a lu s  
in  th e  n e w b o rn  is  d u e  t o  a n  o b s t r u c t io n  o f  th e  
aqueduct of Sylvius (aqueductal stenosis). 
T h is  p re v e n ts  th e  CSF o f  th e  la te ra l a n d  th i r d  
v e n t r ic le s  f r o m  p a s s in g  in to  th e  f o u r th  v e n -  
t r ic le  a n d  f r o m  th e r e  in to  th e  s u b a ra c h n o id  
s p a c e , w h e re  i t  w o u ld  b e  re s o rb e d . A s  a re -  
s u lt ,  f lu id  a c c u m u la te s  in  th e  la te ra l v e n t r ic le s  
a n d  p re s s e s  o n  th e  b ra in  a n d  b o n e s  o f  th e  
s k u ll.  B e c a u s e  th e  c ra n ia l s u tu re s  h a v e  n o t  
y e t  fu s e d , s p a c e s  b e tw e e n  th e m  w id e n  a s  th e  
h e a d  e x p a n d s . In e x t r e m e  c a s e s , b ra in  t is s u e  
a n d  b o n e s  b e c o m e  th in  a n d  th e  h e a d  m a y  be 
v e ry  la rg e  (F ig . 18 .38 ).

Microcephaly d e s c r ib e s  a  c ra n ia l v a u l t  t h a t  
i s s m a l le r t h a n  n o rm a l (F ig . 18 .3 9 ). B e c a u s e  th e  
s iz e  o f  th e  c ra n iu m  d e p e n d s  o n  g r o w th  o f  th e  
b ra in ,  th e  u n d e r iy in g  d e fe c t  is  in  b ra in  d e v e l-  
o p m e n t .  C a u s a t io n  o f  t h e  a b n o r m a li t y  is  v a r -  
ie d ; i t  m a y  be  g e n e t ic  (a u to s o m a l re c e s s iv e ] 
o r  c a u s e d  b y  p re n a ta l in s u lts ,  s u c h  a s  in fe c -  
t io n  o r  e x p o s u re  t o  d ru g s  o r  o th e r  te ra to g e n s .  
In te l le c tu a l d is a b i l i t y  o c c u rs  in  m o re  th a n  h a lf  
t h e  c a s e s .

F e ta l in fe c t io n  b y  to x o p la s m o s is  m a y  r e s u lt  
in  c e re b ra l c a lc if ic a t io n ,  in te l le c tu a l d is a b i l i ty ,

FIGURE 1 8 .3 8  C hild  w ith  se ve ra  h yd ro ce p h a lu s . 
Because  th e  c ra n ia l s u tu re s  had n o t c losed , p re s - 
su re  fro m  th e  a c c u m u la te d  CSF e n la rg e d  th e  head, 
th in n in g  th e  bones  o f  th e  sku ll and  ce re b ra l c o rte x .

FIGURE 1 8 .3 9  C h ild  w ith  m ic ro c e p h a ly . T h is  a b ­
n o rm a lity , d u e  to  p o o r g ro w th  o f  th e  b ra in , is  f re -  
q u e n tly  a ss o c ia te d  w ith  in te lle c tu a l d is a b ility .

h y d ro c e p h a lu s ,  o r  m ic ro c e p h a ly .  L ik e w is e , 
e x p o s u re  t o  r a d ia t io n  d u r in g  th e  e a r ly  s ta g e s  
o f  d e v e lo p m e n t  m a y  p ro d u c e  m ic ro c e p h a ly .  
H y p e r th e rm ia  ( fe v e r)  p ro d u c e d  b y  m a te rn a l 
in fe c t io n  o r  b y  s a u n a  b a th s  a n d  h o t  tu b s  m a y  
c a u s e  s p in a  b if id a  a n d  a n e n c e p h a ly .

T h e  a fo re m e n t io n e d  a b n o rm a li t ie s  a re  th e  
m o s t  s e r io u s  o n e s , a n d  th e y  m a y  be  in c o m p a t ­
ib le  w ith  l i fe .  A  g r e a t  m a n y  o th e r  d e fe c ts  o f  th e  
C NS m a y  o c c u r  w i t h o u t  m u c h  e x te rn a l m a n i-  
fe s ta t io n .  F o r e x a m p le ,  th e  corpus callosum 
m a y  b e  p a r t ia l ly  o r  c o m p le te ly  a b s e n t  w ith o u t  
m u c h  fu n c t io n a l d is tu rb a n c e .  L ik e w is e , p a r t ia l  
o r  c o m p le te  a b s e n c e  o f  th e  c e re b e llu m  m a y  
r e s u lt  in  o n iy  a  s l ig h t  d is tu rb a n c e  o f  c o o rd in a -  
t io n .  O n  th e  o th e r  h a n d , c a s e s  o f  s e v e re  intel­
lectual disability m a y  n o t  b e  a s s o c ia te d  w ith  
m o rp h o lo g ic a l ly  d e te c ta b le  b ra in  a b n o r m a li­
t ie s .  In te l le c tu a l d is a b i l i ty  m a y  r e s u lt  f r o m  g e ­
n e t ic  a b n o rm a li t ie s  (e .g ., D o w n  s y n d ro m e )  o r  
f r o m  e x p o s u re s  t o  te ra to g e n s ,  in c lu d in g  in fe c -  
t io u s  a g e n ts  ( ru b e lla , c y to m e g a lo v ir u s ,  t o x o ­
p la s m o s is ) .  T h e  le a d in g  c a u s e  o f  in te l le c tu a l 
d is a b i l i t y  is, h o w e v e r ,  maternal alcohol abuse.
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CRANIALNERVES

By the fourth week of development, nuclei for 
all 12 cranial nerves are present. All except the 
olfactory (I) and optic (II) nerves arise from the 
brain stem, and of these, only the oculomotor 
(III) arises outside the región of the hindbrain. 
In the hindbrain, proliferation centers in the 
neuroepithelium establish eight distinct seg- 
ments, the rhombomeres. These rhombomeres 
give rise to motor nuclei of cranial nerves (CN) 
IV, V, VI, VII, IX, X, XI, and XII (Figs. 18.17 
and 18.40). Establishment of this segmental pat- 
tern appears to be directed by mesoderm col- 
lected into somitomeres beneath the overlying 
neuroepithelium.

Motor neurons for cranial nuclei are within 
the brainstem, whereas sensory ganglia are 
outside of the brain. Thus, the organization of 
cranial nerves is homologous to that of spinal 
nerves, although not all cranial nerves contain 
both motor and sensory fibers (Table 18.2).

Cranial nerve sensory ganglia origínate from 
a series of ectodermal placodes and neural 
crest cells. Ectodermal placodes include the 
nasal, otic, and four epipharyngeal placodes 
represented by ectodermal thickenings dorsal to 
the pharyngeal (branchial) arches (Table 18.3; 
see also Fig. 17.2). Epipharyngeal placodes con­
tribute to ganglia for nerves of the pharyngeal 
arches (V, VII, IX, and X). Parasympathetic 
(visceral eíFerent) ganglia are derived from neu­
ral crest cells, and their fibers are carried by CNs 
III, VII, IX, and X (Table 18.2).

■  AUTONOMICNERVOUS SYSTEM

The autonomic nervous system (ANS) is com- 
posed of motor (eíferent) fibers that innervate 
smooth and cardiac muscle and secretory glands, 
and therefore, it is sometimes called the visceral 
motor system. The system is divided into two 
parts: a sympathetic portion and a parasympa­
thetic portion, and both parts rely on two neu­
rons to provide innervation, a preganglionic 
and a postganglionic neuron. Preganglionic 
neurons have their cell bodies in the gray matter 
of the CNS; postganglionic neurons have their 
cell bodies located outside of the CNS in au­
tonomic ganglia and their fibers termínate on 
target organs. In general, norepinephrine is the 
neurotransmitter employed by the sympathetic 
system, whereas acetylcholine is employed by 
the parasympathetic system.

Sympathetic Nervous System
CeU bodies of preganglionic neurons of the sym­
pathetic nervous system are located in the inter- 
mediolateral cell columns (horns) of the spinal 
cord at the levels of T1-L2 (Fig.l8.42A). Cell 
bodies for postganglionic neurons are located in 
paravertebral ganglia on each side of the verte­
bral column and in prevertebral (preaortic) gan­
glia located around major vessels branching from 
the aorta (celiac, superior mesenteric, and inferior 
mesenteric arteries; Fig. 18.42A). Paravertebral 
ganglia are linked by fibers and form the right 
and leñ sympathetic tnmks (chain ganglia). 
All of these ganglia origínate from neural crest

FIGURE 18.40 S e g m e n ta tio n  p a t-  
te rn s  in th e  b ra in  and  m e so d e rm  
t l ia t  a p p e a r b y  t l ie  25th day o f 
development. T lie  hindbroin  [coa rse  
s tip p le ] is d iv id e d  in to  e ig i i t  r l io m -  
b o m e re s  [r1-r8], a n d  t l ie s e  s tru c -  
tu re s  g iv e  rise  to  t l ie  c ra n ia l m o to r  
n e rv e s  [m ]. P1-P4, p lia ry n g e a i 
[b ra n c liia l]  a rc lie s ; t, te ie n c e p h a io n ; 
d. d ie n c e p iia io n ; m, m e s e n c e p lia io n .
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TABLE 18.2 Origins of Cranial Nerves and Their Composition

Cranial Nerve Brain Región T y p e Innervation

O lfa c to ry  [1] T e le n c e p h a lo n SA N a sa l e p ith e l iu m  (s m e ll]
O p tic  [II] D ie n c e p h a lo n SA R e tin a  [v is ió n )
O c u lo m o to r  (III] M e s e n c e p h a lo n SE

GVE

Sup., in f., m e d . R e c tu s , in f. O b ligue , 
le v a to r  p a lp e b ra e  sup . m.

(c il ia ry  g a n g lio n ]  S p h in c te r  
p u p illa e , c i l ia ry  m.

T ro c h Ie a r  [IV ] M e te n c e p h a lo n GSE Sup. o b lig u e  m.
T r ig e m in a l (V] M e te n c e p h a lo n G SA ( t r ig e m in a l 

g a n g lio n ]

SVE (b ra n ch io m o to r]

S k in , m o u th ,  fa c ia l m ., te e th ,  a n t. 
tw o - th i r d s  o f  to n g u e  p ro p r io -  
c e p t io n ; s k in , m u s c le s , jo in ts  

M. o f  m a s t ic a t io n ,  m y io h y o id ,  
a n t .  b e lly  o f  d ig a s tr ic ,  te n s o r  
v e li p a la t in i,  te n s o r  ty m p a n i

A b d u c e n s  (VI) M e te n c e p h a lo n SE L a te ra l re c tu s  m.
F a c ia l (V II) M e te n c e p h a lo n SA (g e n ic u la te  

g a n g lio n ]
G SA (g e n ic u la te  

g a n g lio n ]
SVE (b ra n ch io m o to r]

GVE

T a s te  a n t. tw o - th i r d s  o f  to n g u e

S k in  e x t .  a u d ito r y  m e a tu s  A n t.
tw o - th i r d s  o f  to n g u e  

M. o f  fa c ia l e xp re ss io n , s ta p e d iu s , 
s ty io h y o id , po s t, b e lly  o f  d ig a s tr ic  

S u b m a n d ib u la r ,  s u b lin g u a l,  a n d  
la c r im a l g la n d s

V e s t ib u lo c o c h ie a r
(V III)

M e te n c e p h a lo n SA (v e s t ib u la r  a n d  
s p ira l g a n g lia )

S e m ic irc u la r  c a n a ls , u tr ic le , 
s a c c u le  (b a la n c e ], s p ira l o rg a n  
o f  C o rt i (h e a r in g ]

G lo s s o p h a ry n g e a l
(IX]

M y e le n c e p h a lo n SA ( in fe r io r  
g a n g lio n ]

G VA  (s u p e r io r  
g a n g lio n ]

G SA ( in fe r io r  
g a n g lio n ]

SVE (b ra n c h io m o to r] 
GVE (o t ic  g a n g lio n ]

P o s t. o n e - th ir d  o f  to n g u e  ( ta s te ]

P a ro tid  g la n d , c a ro t id  b o d y  a n d  
s in u s , m id d ie  e a r 

E x te rn a l e a r

S ty lo p h a ry n g e u s  
P a ro tid  g la n d

V a g u s  (X] M y e le n c e p h a lo n SA (in fe r io r g a n g lio n ] 
G VA  (s u p e r io r  

g a n g lio n ]
G SA (s u p e r io r  

g a n g lio n ]
SVE [b ra n c h io m o to r ]

GVE [g a n g lia  a t  o r  
n e a r  v is c e ra ]

P a la te  a n d  e p ig lo t t is  ( ta s te ] 
P h a ry n x , la ry n x , tra c h e a , h e a rt, 

e s o p h a g u s , s to m a c h , in te s t in e s  
B a se  o f  to n g u e ,  e x te rn a l a u d ito r y  

m e a tu s
C o n s tr ic to r  m . p h a ry n x ,  in tr in s ic  

m . la ry n x , su p . tw o - th i r d s  
e s o p h a g u s  

T ra c h e a , b ro n c h i,  d ig e s t iv e  t ra c t ,  
h e a r t

S p ina l a cce sso ry  (XI] M y e le n c e p h a lo n SVE (b ra n ch io m o to r] 
SE

S te rn o c le id o m a s to id , t ra p e z iu s  m. 
S o f t  p a la te , p h a ry n x  (w ith  X]

H y p o g lo s s a l (XII] M y e le n c e p h a lo n SE M. o f to n g u e  (e x c e p t p a la to g lo ssu s ]

SE. general somatic efferent; SVE, special visceral efferent [suppiying striated muscles derived from the pharyngeal 
[branchial] arches]; GVE, general visceral efferent; GVA, general visceral afferent; S>í, special afferent; GSA, general 
somatic afferent; ant, anterior; ext., external; inf., inferior; med., medial; m., muscle; posí., posterior; Sup., superior.
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TABLE 18.3 Contributions of Neural Crest Cells and Placodes to Ganglia of the Craníal Nerves

Nerve Ganglion Origin

O c u lo m o to r  (II 

T r ig e m in a l (V]

F a c ia l [V il]

V e s t ib u lo c o c h ie a r  (V III]

G lo s s o p h a ry n g e a l (IX]

V a g u s  (X]

C ilia ry  (v is c e ra l e f fe re n t ]

T r ig e m in a l (g e n e ra l a f fe re n t ]

S u p e r io r  (g e n e ra l a n d  sp e c ia l a f fe re n t]

In fe r io r  (g e n ic u la te ]  (g e n e ra l a n d  
s p e c ia l a f fe re n t ]

S p h e n o p a la t in e  (v is c e ra l e f fe re n t)  
S u b m a n d ib u la r  (v is c e ra l e f fe re n t ]
A c o u s t ic  (c o c h ie a r ] (s p e c ia l a f fe re n t ]  
V e s t ib u la r  (s p e c ia l a f fe re n t)

S u p e r io r  (g e n e ra l a n d  sp e c ia l a f fe re n t]  
In fe r io r  (p e tro s a l]  (g e n e ra l a n d  

s p e c ia l a f fe re n t ]
O tic  (v is c e ra l e f fe re n t ]
S u p e r io r  (g e n e ra l a f fe re n t)
In fe r io r  (n o d o s e ] (g e n e ra l a n d  

s p e c ia l a f fe re n t ]
V a g a ! p a ra s y m p a th e t ic  (v is c e ra l 

e f fe re n t ]

N e u ra l c re s t  a t  fo r e b r a in -  
m id b ra in  ju n c t io n  

N e u ra l c re s t  a t  fo r e b r a in -  
m id b ra in  ju n c t io n ,  t r ig e m in a l 
p la c o d e  

H in d b ra in  n e u ra l c re s t,  f i r s t  
e p ib ra n c h ia l p la c o d e  

F irs t e p ib ra n c h ia l p la c o d e

H in d b ra in  n e u ra l c re s t  
H in d b ra in  n e u ra l c re s t  
O tic  p la c o d e
O tic  p la c o d e , h in d b ra in  n e u ra l 

c re s t
H in d b ra in  n e u ra l c re s t  
S e c o n d  e p ib ra n c h ia l p la c o d e

H in d b ra in  n e u ra l c re s t  
H in d b ra in  n e u ra l c re s t  
H in d b ra in  n e u ra l c re s t;  th ird ,  

fo u r th  e p ib ra n c h ia l p la c o d e s  
H in d b ra in  n e u ra l c re s t

cells of the thoracic región that migrate during 
the fifth week of development (Fig. 18.41). Crest 
cells forming the sympathetic trunk ganglia also 
migrate cranially and caudally to extend these 
trunks into cervical and pelvic regions. Migration 
and positioning of these crest cells is regulated by 
BMPs secreted by the dorsal aorta that act as che- 
moattractants for the migrating cells.

Preganglionic sympathetic fibers originat- 
ing from cell bodies in the spinal cord from 
T I to L2 exit via ventral roots (because they 
are motor fibers), enter a spinal nerve, then 
a ventral primary ramus, and, almost imme- 
diately, enter a white ramus communicans 
to reach the sympathetic trunk (Fig. 18.42). 
Once in the trunk, they can synapse at the seg-

FIGURE 18.41 F o rm a tio n  o f th e  s y m p a th e tic  
g a n g lia . N eura l c re s t c e lls  ( l ig h t b lu e ] m ig ra te  
fro m  th e  n e u ra l tu b e  a n d  fo rm  th e  d o rsa l ro o t 
g a n g lia , a ll o f  th e  s y m p a th e t ic  g a n g lia , a n d  th e  
a d re n a l m e d u lla .

Dorsal 
roo t ganglion

S ym pathe tic
ganglion

Developing 
suprarena l 

g land

U rogenita l
ridge

Preaortio
ganglion

O rgan
plexus
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Parietal distribution Visceral distribution
_____________ A_____________

Blood vesseis of 
visceral siructures, 
blood vesseis, sweat 
glands, and arrector 
muscles of hairs

Eye
(iris)

White ramus 
communicans

Gray rami lo 
ventral primary 
rami of aii 
spinai nerves 
for distribution 
to body walis 
and iimbs 
(vasomotion, 
sudomotion, 
and piiomotion)

l_arynx
Tracliea
Bronclii
Lungs

Liver Diapliragm
Gailbiadder

Stomach
Pancreas
Spieen

Large intestino 
Smail intestino 
Kidney 
Suprarenai 
(adrenai) giand 
Rectum 
Internai anal 
spliincter

Sympathetic fibers

---------- Presynaptic
---------- Postsynaptic

Biadder 
Penis (ciitoris) 
Gonad

FIGURE 18.42 D ia g ra m  o f  th e  s y m p a th e tic  c o m p o n e n t o f  th e  ANS. T he s y s te m  o r ig in a le s  in  th e  in te rm e d io -  
la te ra l ce ll c o lu m n s  [h o rn s ] o f th e  sp in a l c o rd  fro m  s e g m e n ts  T1-L2 , w h ic h  house  th e  p re g a n g lio n ic  ne rve  ce ll 
b od ies . F ibers fro m  th e s e  ce lls  e n te r  th e  v e n tra l ro o ts  o f  sp in a l ne rves , th e n  v e n tra l p r im a ry  ram i, th e n  w h ite  
ra m i c o m m u n ic a n s  to  re a ch  th e  s y m p a th e tic  tru n k s . O nce in th e  tru n k s , th e y  m a y  syn a p se  a t  th e  s e g m e n t 
th e y  e n te re d , a sce n d  o r d e sce n d  to  syn a p se  a t  o th e r  leve is , o r  pass  th ro u g h  w ith o u t  syn a p s in g  to  tra v e l to  
p re v e rte b ra l g a n g lia  as a b d o m in o p e lv ic  s p ia n c h n ic  nerves.
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ment they entered, ascend or descend to syn- 
apse on cranial or caudal neurons, or they can 
pass through the trunks without synapsing 
and travel to prevertebral ganglia to synapse. 
Preganglionic fibers traveling to prevertebral 
ganglia are coUected inte groups called abdom- 
inopelvic splanchnic nerves: These include the 
greater (T5-T9), lesser (T lO -T Il), least (T12), 
and lumbar splanchnic nerves (Fig.18.42). 
Postganglionic fibers from the sympathetic 
trunk ganglia to blood vessels, arrector pili 
muscles (goose bumps), and sweat glands in 
the head and neck, body wall, and limbs travel 
from the sympathetic trunk through gray rami 
communícantes to ventral rami of all 31 spi- 
nal nerves and travel on blood vessels to reach 
their destinations (Fig.18.42). Postganglionic 
fibers from lower cervical and upper thoracic 
trunk ganglia exit the trunks as collections of 
fibers called the cardiopulmonary splanchnic 
nerves on their way to innervate the heart and 
lungs (Fig. 18.42). Postganglionic fibers from 
prevertebral (preaortic) ganglia travel via blood 
vessels to innervate the abdominal organs and 
genitalia. Note that because cell bodies of pre­
ganglionic neurons are located in spinal cord 
segments T1-L2, these segments will be the 
only ones to have white rami communicantes. 
However, because each spinal nerve receives 
fibers from postganglionic neurons, every ven­
tral primary rami of every spinal nerve will be 
connected to a gray rami communicantes.

Parasympathetic Nervous System
Preganglionic parasympathetic neuron cell 
bodies are located in the brainstem and the 
sacral región (S2-S4) of the spinal cord and 
consequently are sometimes called the cra- 
niosacral portion of the ANS (Fig.18.43). 
Preganglionic parasympathetic fíbers from 
nuclei in the brainstem travel via the oculo- 
m otor (CN III), facial (CN VII), glossopha- 
ryngeal (CN IX), and vagus (CN X) nerves 
to structures in the head and neck. The vagus 
nerve also supplies parasympathetic innerva- 
tion to most of the visceral organs down to 
the región of the proximal third of the trans- 
verse colon (Fig. 18.43). Preganglionic fibers 
from the sacral component of the system exit 
the spinal cord via the ventral roots of spinal 
nerves from S2 to S4 and then leave the ven­
tral primary rami of these nerves as the pelvic

splanchnic nerves to provide innervation to 
the remaining portion of the gastrointestinal 
tract from the distal two-thirds of the trans- 
verse colon to the rectum (Fig. 18.43). Some 
of these fibers also travel to the bladder and 
erectile tissue of the genitalia. Postganglionic 
parasympathetic neuron cell bodies in the cra­
nial región reside in four ganglia: the ciliary 
(CN III), pterygopalatine and submandibu- 
lar (CN VII), and otic (CN IX; Fig.18.43). 
Postganglionic neurons in the thorax and 
abdomen associated with the vagus nerve 
(CN X) are usually located in or on the organ 
innervated. This arrangement is also true for 
postganglionic cell bodies of pelvic splanchnic 
nerves in the pelvic región, which exist indi- 
vidually or as smaller ganglia in the walls of 
target organs, such as the enteric gangha of the 
gut. As in the sympathetic system, postgangli­
onic neurons throughout the parasympathetic 
system are derived from neural crest cells.

Suprarenal (Adrenal) Gland
The suprarenal (adrenal) gland develops from 
two components: (1) a mesodermal portion, 
which forms the cortex, and (2) an ectodermal 
portion, which forms the medidla. During the 
fifth week of development, mesothelial cells 
between the root of the mesentery and the 
developing gonad begin to proliferate and pen- 
etrate the underlying mesenchyme (Fig. 18.41). 
Here, they diíferentiate into large acidophilic 
cells, which form the fetal cortex, or primitive 
cortex, of the suprarenal gland (Fig. 18.44A). 
Shortly afterward, a second wave of cells from 
the mesothelium penetrates the mesenchyme 
and surrounds the original acidophilic cell 
mass. These cells, smaller than those of the first 
wave, later form the definitive cortex of the 
gland (Fig. 18.44). These are steroid-producing 
cells and in the second trimester begin secret- 
ing dehydroepiandrosterone (DHEA) that is 
converted to estrogen by the placenta. Evidence 
suggests that hormone production by the fetal 
cortex is important for maintaining the placenta 
and pregnancy. Soon after birth, the fetal cortex 
regresses rapidly, whereas the remaining cells 
differentiate into the three definitive layers of 
the cortex: the zona glomerulosa, zona fascicu- 
lata, and zona reticularis (Fig. 18.445). The cor­
tex primarily secretes cortisol, aldosterone, and 
androgens.
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Parasympathetic fibers 
- - - - - -  Presynaptic
---------- Postsynaptic

FIGURE 18.43 D iag ram  o f th e  p a ra s y m p a th e tic  c o m p o n e n t o f  th e  ANS. The s y s te m  has a c ra n io sa c ra l o r-  
ig in  w ith  p re g a n g lio n ic  ce ll b o d ie s  o r ig in a tin g  in th e  b ra in s te m  and  th e  sp in a l co rd  a t  s e g m e n ts  S 2 -S 4 . 
P re g a n g lio n ic  fib e rs  fro m  th e  b ra in s te m  tra v e l th ro u g h  CN III, CN VII, CN IX, a n d  CN X and  syn a p se  on  p o s t-  
g a n g lio n ic  n e u ro n s  in th e  c ilia ry  [CN III], p te ry g o p a la tin e  [CN V II], and  o t ic  (CN IX] g a n g lia . P o s tg a n g lio n ic  
n e u ro n s  a ss o c ia te d  w ith  th e  va g u s  n e rve  [CN X) a re  u s u a lly  lo c a te d  in th e  o rg a n  in n e rv a te d . P re g a n g lio n ic  
f ib e rs  fro m  sa c ra l s e g m e n ts  leave  th e  v e n tra l p r im a ry  ra m i o f  sp in a l n e rve s  S 2 -S 4  as p e lv ic  s p ia n c h n ic  
n e rv e s  a n d  in n e rv a te  th e  g a s tro in te s tin a l t ra c t  fro m  th e  d is ta l tw o  th ird s  o f  th e  tra n s v e rs e  co lo n  to  th e  
re c tu m .
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FIGURE 18.44 A. N e u ra l c re s t c e lls  p e n e tra t in g  th e  fe ta l c o r te x  o f  th e  s u p ra re n a l g la n d . B. N e u ra l c re s t 
c e lls  fo rm  th e  m e d u lla  o f th e  a d re n a l g la n d  a n d  d if fe re n t ia te  in to  c h ro m a ff in  ce lls . L a te r in d e v e lo p m e n t, 
th e  d e f in it iv e  c o r te x  a lm o s t c o m p le te ly  s u rro u n d s  th e  m e d u lla .

While the fetal cortex is being formed, neural 
crest cells invade its medial aspect, where they 
are arranged in cords and clusters to form the 
medulla of the gland (Figs. 18.41 and 18.44A). 
Signáis that regúlate migration of these cells 
and their specification to the adrenal medulla 
emanate from the dorsal aorta and include 
BMPs. When diíFerentiated, these cells stain 
yellow-brown with chrome salts and henee are 
called chromaffin cells (Fig. 18.445). These cells

represent modified postganglionic sympathetic 
neurons that are innervated by preganglionic 
sympathetic fibers and when stimulated pro­
duce epinephrine (adrenaline) and norepineph- 
rine (noradrenaline) that are released directly 
into the bloodstream. During embryonic life, 
chromaffin cells are scattered widely through- 
out the embryo, but in the adult, the only per- 
sisting group is in the medulla of the adrenal 
glands.

Clinical Correlates

Pheochromocytomas
Pheochromocytomas a re  ra re  tu m o r s  in v o lv -  
in g  c h r o m a f f in  c e lls  t h a t  r e s u lt  in  e x c e s s iv e  
p r o d u c t io n  a n d  re le a s e  o f  e p in e p h r in e  a n d  n o r -  
e p in e p h r in e  c a u s in g  p a ro x y s m a l e p is o d e s  o f 
h y p e r te n s io n ,  in c re a s e d  h e a r t  ra te , h e a d a c h e s , 
a n d  o th e r  a s s o c ia te d  s y m p to m s .  M o s t o c c u r  in  
t h e  a d re n a l m e d u lla , b u t  a p p r o x im a te ly  1 0 %  
o c c u r  in  o th e r  s ite s , u s u a l ly  th e  a b d o m e n . 
T w e n ty - f iv e  p e rc e n t  a re  fa m il ia l  a n d  h a v e  b e e n  
a s s o c ia te d  w ith  m u ta t io n s  in  th e  RET g e n e  th a t  
p la y s  a  ro le  in  n e u ra l c r e s t  c e ll m ig ra t io n .

Congenital Megacolon 
(Hirschsprung Disease)
Congenital megacolon (Hirschsprung dis­
ease) r e s u lts  f r o m  a fa i lu re  o f  p a ra s y m p a th e t ic  
g a n g lia  t o  fo rm  in  th e  w a ll o f  a  p a r t  o r  a ll o f  
th e  c o lo n  a n d  re c tu m  b e c a u s e  th e  n e u ra l c re s t  
c e lls  fa i l  t o  m ig ra te .  M o s t fa m il ia l c a s e s  o f

H irs c h s p ru n g  d is e a s e  a re  c a u s e d  b y  m u ta t io n s  
in  th e  RET gene, w h ic h  c o d e s  fo r  a  c e ll m e m -  
b ra n e  tyrosine kinase receptor. T h is  g e n e  
o n  c h ro m o s o m e  lO q l l  is  e s s e n t ia l f o r  n e u ra l 
c re s t  c e ll m ig ra t io n .  T h e  l ig a n d  f o r  th e  re c e p ­
t o r  is  GLIAL CELL-DERIVED NEUROTROPHIC 
GROWTH FACTOR s e c re te d  b y  m e s e n c h y m e  
c e lls  th r o u g h  w h ic h  c re s t  c e lls  m ig ra te .  
R e c e p to r  l ig a n d  in te ra c t io n s  th e n  re g ú la te  
c re s t  c e ll m ig ra t io n .  C o n s e q u e n t ly ,  i f  th e r e  a re  
a b n o rm a lit ie s  in  th e  re c e p to r ,  m ig ra t io n  is  in -  
h ib ite d ,  a n d  n o  p a ra s y m p a th e t ic  g a n g lia  fo rm  
in  a f fe c te d  a re a s . T h e  re c tu m  is  in v o lv e d  in 
n e a r ly  a ll ca s e s , a n d  th e  re c tu m  a n d  s ig m o id  
a re  in v o lv e d  in  8 0 %  o f  a f fe c te d  in fa n ts .  T h e  
t ra n s v e rs e  a n d  a s c e n d in g  p o r t io n s  o f  th e  c o lo n  
a re  in v o lv e d  in  o n ly  1 0 %  to  2 0 % . T h e  c o lo n  is  
d i la te d  a b o v e  th e  a f fe c te d  re g ió n , w h ic h  h a s  a 
s m a ll d ia m e te r  b e c a u s e  o f  to n ic  c o n t ra c t io n  o f  
n o n in n e rv a te d  m u s c u la tu re .
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S U M M A R Y
The central nervous system (CNS) originates in 
the ectoderm and appears as the neural píate 
at the middle of the third week (Fig. 18.1). After 
the edges of the píate fold, the neural folds ap- 
proach each other in the midline to fuse into the 
neural tube (Figs. 18.2 and 18.3). The cranial 
end closes at approximately day 25, and the cau­
dal end closes at day 28. The CNS then forms a 
tubular structure with a broad cephalic portion, 
the brain, and a long caudal portion, the spinal 
cord. Failure of the neural tube to cióse results 
in defects such as spinabifída (Figs. 18.15 and
18.16) and anencephaly (Fig. 18.37), defects 
that can be prevented by folie acid.

The spinal cord, which forms the caudal end 
of the CNS, is characterized by the basal píate 
containing the motor neurons, the alar píate 
for the sensory neurons, and a floor píate and a 
roof píate as connecting pathways between the 
two sides (Fig. 18.8). Spinal nerves form from 
each segment of the spinal cord. These nerves 
have their motor nuclei in the basal píate (inside 
the cord) and their sensory cell bodies in spinal 
ganglia derived from neural crest cells (outside 
the cord). SHH ventralizes the neural tube in 
the spinal cord región and induces the floor and 
basal plates. BMP4 and BMP7, expressed in 
nonneural ectoderm, maintain and upregulate 
expression of PAX3 and PAX7 in the alar and 
roof plates.

The brain can be divided into the brain stem, 
which is a continuation of the spinal cord and 
resembles that structure in its organization 
of basal and alar plates, and the higher cen- 
ters, the cerebellum and cerebral hemispheres, 
which accentuate the alar plates. After closure 
of the neural tube, the brain consists of three 
vesicles: the rhombencephalon (hindbrain), 
mesencephalon (midbrain), and prosencepha- 
lon (forebrain). Later, these primary vesicles 
subdivide into five diíFerent regions (Fig. 18.5). 
The rhombencephalon is divided into (1) the 
myelencephalon, which forms the meduUa 
oblongata (this región has a basal píate for 
somatic and visceral eíferent neurons and an 
alar píate for somatic and visceral aíferent neu­
rons) (Fig. 18.18), and (2) the metencephalon, 
with its typical basal (eíferent) and alar (aíFer- 
ent) plates (Fig. 18.19). This brain vesicle is also 
characterized by formation of the cerebellum 
(Fig. 18.20), a coordination center for posture

and movement, and the pons, the pathway for 
nerve fibers between the spinal cord and the ce­
rebral and the cerebellar cortices (Fig. 18.19).

The mesencephalon, or midbrain, does not 
subdivide and resembles the spinal cord with its 
basal eíferent and alar aíferent plates. The mes- 
encephalon’s alar plates form the anterior and 
posterior colliculi as relay stations for visual and 
auditory reflex centers, respectively (Fig. 18.23).

The prosencephalon also subdivides into the 
diencephalon posteriorly and the telencephalon 
anteriorly. The diencephalon consists of a thin 
roof píate and a thick alar píate in which the thal- 
amus and hypothalamus develop (Figs. 18.24 
and 18.25). It participates in formation of the pi- 
tuitary gland, which also develops from Rathke’s 
pouch (Fig. 18.26). Rathke’s pouch forms the 
adenohypophysis, the intermedíate lobe, and 
pars tuberalis, and the diencephalon forms the 
posterior lobe, the neurohypophysis, which 
contains neuroglia and receives nerve fibers 
from the hypothalamus.

The telencephalon consists of two lateral out- 
pocketings, the cerebral hemispheres, and a me­
dian portion, the lamina terminalis (Fig. 18.27). 
The lamina terminalis is used by the commissures 
as a connection pathway for fiber bundles be­
tween the right and left hemispheres (Fig. 18.30). 
The cerebral hemispheres, originally two small 
outpocketings (Figs. 18.24 and 18.25), expand 
and cover the lateral aspect of the diencephalon, 
mesencephalon, and metencephalon (Figs. 18.26 
to 18.28). Eventually, nuclear regions of the telen­
cephalon come in cióse contact with those of the 
diencephalon (Fig. 18.27).

The ventricular system, containing cere- 
brospinal fluid (CSF), extends from the lumen 
in the spinal cord to the fourth ventricle in the 
rhombencephalon through the narrow aqueduct 
in the mesencephalon (aqueduct of Sylvius) and 
to the third ventricle in the diencephalon. By 
way of the foramina of Monro, the ventricular 
system extends from the third ventricle into the 
lateral ventricles of the cerebral hemispheres. 
CSF is produced in the choroid plexuses of the 
third, fourth, and lateral ventricles. Blockage of 
CSF in the ventricular system or subarachnoid 
space results in hydrocephalus.

The brain is patterned along the anteroposte- 
rior (craniocaudal) and dorsoventral (mediolat- 
eral) axes. HOX genes pattern the anteroposterior 
axis in the hindbrain and specify rhombomere
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identity. Other transcription factors containing 
a homeodomain pattern the anteroposterior axis 
in the forebrain and midbrain regions, induding 
LIM l and 0TX2. Two other organizing centers, 
the anterior neural ridge (ANS) and the rhomb- 
encephalic isthmus, secrete FGF8, which serves as 
the inducing signal for these areas. In response to 
this growth factor, the cranial end of the forebrain 
expresses FOXGl, which regulates development 
of the telencephalon, and the isthmus expresses 
ENGRAILED genes that regúlate differentiation 
of the cerebellum and the roof of the midbrain. 
As it does throughout the CNS, SHH, secreted 
by the prechordal píate and notochord, ventral- 
izes the forebrain and midbrain areas. BMP4 and 
BMP7, secreted by nonneural ectoderm, induce 
and maintain expression of dorsalizing genes.

There are 12 cranial nerves, and most of 
these origínate from the hindbrain. Motor neu- 
rons for each of the nerves are located ŵ ithin the 
brain, whereas sensory neurons origínate out- 
side of the brain from ectodermal placodes and 
neural crest cells (Tables 18.2 and 18.3). In this 
regard, organization of the sensory and motor 
cell bodies for these nerves is similar to that for 
spinal nerves.

The autonomic nervous system (ANS) consists 
of sympathetic and parasympathetic components. 
This is a two-neuron system with preganglionic 
and postganglionic fibers. Preganglionic neurons 
for the sympathetic system lie in the intermedí­
ate (lateral) horns of the spinal cord from TI to 
L2; its postganglionic neurons lie in the sym­
pathetic tnmks and paravertebral (preaortic) 
ganglia along the aorta. Parasympathetic pregan­
glionic neurons have their nuclei in the brainstem 
(associated with CNs III, VII, IX, and X) and in 
the sacral región of the spinal cord (S2-S4); post­
ganglionic nuclei reside in ganglia that usually lie 
cióse to the organs they innervate. Neural crest ceUs 
form aU of the ganglia for the ANS.

The suprarenal (adrenal) gland is derived 
from two sources: (1) mesoderm from the poste­
rior body wall that proliferates to form the fetal 
cortex that is replaced by a second proliferation 
of these cells that form the definitive cortex. This 
part of the gland produces steroids and plays 
a role in maintaining pregnancy by secreting 
DHEA that is converted by the placenta to es- 
trogen; (2) neural crest cells that migrate from 
the neural folds and form the medidla of the 
gland. These cells diíFerentiate into chromaffin 
cells and represent modified postganglionic 
sympathetic neurons. When stimulated by pre­
ganglionic neurons, they secrete epinephrine 
(adrenalin) and norepinephrine (noradrena- 
line) directly into the bloodstream.

Problems to Solve
1. How are cranial nerves and spinal nerves 

similar? How are they diíferent?
2. What components come together to form a 

spinal nerve? What is the difference between 
a dorsal root, ventral root, dorsal primary 
ramus, and ventral primary ramus? What 
types of fibers (sensory or motor) are found 
in each of these structures?

3. At what level is a spinal tap performed? From 
an embryological standpoint, why is this 
possible?

4. What is the embryological basis for most 
NTDs? Can they be diagnosed prenatally? 
Are there any means of prevention?

5. Prenatal ultrasound reveáis an infant with an 
enlarged head and expansión of both lateral 
ventricles. What is this condition called, and 
what might have caused it?

6 . What are the two parts of the ANS? Where 
are their respective preganglionic neurons 
located? What cells give rise embryologically 
to their postganglionic neurons?



CHAPTER 19

Ear

n the adult, the ear forms one ana- 
tomic unit serving both hearing and 
equilibrium. In the embryo, however, 

it develops from three distinctly diíferent parts:
( 1) the external ear, the sound-collecting organ;
(2) the middle ear, a sound conductor from the 
external to the internal ear; and (3) the internal 
ear, which converts sound waves into nerve im­
pulses and registers changes in equilibrium.

■  INTERNAL EAR___________________

The first indication of the developing ear can be 
found in embryos of approximately 22 days as a 
thickening of the surface ectoderm on each side 
of the rhombencephalon (Fig. 19.1). These thick- 
enings, the otic placodes, invaginate rapidly and 
form the otic or auditory vesicles (otocysts)

(Fig. 19.2). Cells from the otocyst differentiate 
and form ganglion cells for the statoacoustic 
(vestibulocochlear) ganglia (Fig. 19.2C). During 
later development, each vesicle divides into (1) a 
ventral component that gives rise to the saccule 
and cochlear duct and (2) a dorsal component 
that forms the utricle, semicircular canals, 
and endolymphatic duct (Figs. 19.3 to 19.6). 
Together, these epithelial structures form the 
membranous labyrinth.

Saccule, Cochiea, and Organ of Corti
In the sixth week of development, the saccule 
forms a tubular outpocketing at its lower pole 
(see Fig. 19.3C-E). This outgrowth, the cochlear 
duct, penetrates the surrounding mesen- 
chyme in a spiral fashion until the end of the 
eighth week, when it has completed 2.5 turns

C u t line 
fo r B

O tic
vesicle

O ptic vesicle

Invag inating neura l tube

O tic
p lacode

Endoderm Pharynx

FIGURE 19.1 A . A n e m b ry o  a t  th e  end  o f  th e  fo u r th  w e e k  o f  d e v e lo p m e n t shov^^ing th e  o tic  and  o p tic  ves ic les .
B . R eg ión  o f  th e  rh o m b e n c e p h a lo n  shov^^ing th e  o t ic  p la co d e s  in a 2 2 -d a y  e m b ryo .
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FIGURE 19.2 T ra n sve rsa  s e c tio n s  th ro u g h  th e  re g ió n  o f  th e  rh o m b e n c e p h a lo n  s h o w in g  fo rm a tio n  o f  th e  
o tic  ves ic les . A. 2 4  days. B. 27 days. C. 4 .5  w eeks. N e u ro n s  d e rive d  fro m  th e  o t ic  ve s ic le  (o tc c y s t)  fo rm  th e  
s ta to a c o u s tic  [v e s tib u lo c o c h ie a r)  g ang lia .

(Fig. 19.3D,£). In the seventh week, cells of the 
cochlear duct diíferentiate into the spiral organ 
of Corti that transduces sound vibrations into 
electrical signáis for hearing. A connection be- 
tween the cochlear duct and the remaining 
portion of the saccule is maintained but con- 
fined to a narrow pathway, the ductus reuniens 
(Fig. 193E; see also Fig. 19.8).

Mesenchyme surrounding the cochlear duct 
soon differentiates into cartilage (Fig. 19.4A). 
In the lOth week, this cartilaginous shell under- 
goes vacuolization, and two perilymphatic spaces, 
the scala vestibuli and scala tympani, are formed 
(Fig. 19.4B,C). The cochlear duct is then sepa- 
rated from the scala vestibuli by the vestibular 
membrana and from the scala tympani by the bas­
ilar membrane (Fig. 19.4C). The lateral wall of the 
cochlear duct remains attached to the surround­
ing cartilage by the spiral ligament, whereas its

median angle is connected to and parüy supported 
by a long cartilaginous process, the modiolus, the 
fiiture axis of the bony cochlea (Fig. 19.4B).

Initially, epithelial cells of the cochlear duct 
are alike (Fig. 19.4A). With further develop- 
ment, however, they form two ridges: the inner 
ridge, the future spiral limbus, and the outer 
ridge (Fig. 19.45). The outer ridge forms one 
row of inner and three or four rows of outer 
hair cells, the sensory cells of the auditory sys- 
tem (Fig. 19.5). They are covered by the tectorial 
membrane, a fibrillar gelatinous substance 
attached to the spiral limbus that rests with its 
tip on the hair cells (Fig. 19.5). The sensory cells 
and tectorial membrane together constitute the 
organ of Corti. Impulses received by this organ 
are transmitted to the spiral ganglion and then 
to the nervous system by the auditory fibers of 
cranial nerve V III (Figs. 19.4 and 19.5).
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FIGURE 19.3 A,B. D e v e lo p m e n t o f  th e  o to c y s t  s h o w in g  a d o rsa l u tr ic u la r  p o rt io n  w /ith th e  e n d o ly m p h a tic  
d u c t a n d  a v e n tra l s a c c u la r p o rtio n . C-E. C o ch le a r d u c t a t  6, 7, a n d  8  w/eeks, re s p e c tiv e ly . N o te  fo rm a tio n  o f 
th e  d u c tu s  re u n ie n s  a n d  th e  u tr ic u lo s a c c u la r du c t.



Chapter19 • Ear

C artilag inous Shell S ca la  vestibu li

B asem ent m em brane

C och iea r duct 

Sp ira l ligam ent

Vestibu lar
m em brane

O ute r ridge 
Inner ridge

C och iea r duct 
(sca la  m edia)

Sp ira l ligam ent

B asila r m em brane

S ca la  tym pan i M odio lus

A ud ito ry  nerve fibers 

Sp ira l gang lion

FIGURE 19.4 D e v e lo p m e n t o f  th e  sca la  ty m p a n i and  sca la  v e s tib u li. A. T he c o c h ie a r d u c t is  s u rro u n d e d  b y  a 
c a r t ila g in o u s  she ll. B. D u rin g  th e  lO th  w eek , la rg e  v a c u o le s  a p p e a r in th e  c a rt ila g in o u s  she ll. C. T he co ch ie a r 
d u c t [sca la  m e d ia ] is s e p a ra te d  fro m  th e  sca la  ty m p a n i a n d  th e  sca la  v e s tib u li b y  th e  b a s ila r a n d  v e s tib u la r  
m e m b ra n e s , re s p e c tiv e ly . G ang lion  ce lls  fro m  th e  v e s tib u lo c o c h ie a r  n e rve  (c ra n ia l n e rve  V III] fo rm  th e  sp ira l 
g a n g lio n  a n d  e x te n d  p ro ce sse s  to  in n e rv a te  th e  h a ir ce lls .
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FIGURE 19.5 D e v e lo p m e n t o f  th e  o rg a n  o f  C orti. A. 10 w eeks. B. A p p ro x im a te ly  5  m o n th s . C. F u ll- te rm  in fa n t.
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FIGURE 1 9 .6  D e ve lo p m e n t o f  th e  s e m ic irc u la r  cana ls . A . 5 w eeks. B. 6  w e e ks . C. 8 w e e ks . D -F . A p p o s itio n , 
fu s ió n , a n d  d isa p p e a ra n ce , re s p e c tiv e ly , o f  th e  c e n tra l p o r t io n s o f th e  w a lls  o f th e  s e m ic irc u la r o u tp o c k e tin g s . 
A m p u lla e  in th e  s e m ic irc u la r ca n a ls  c o n ta in  s e n s o ry  ce lls  a rra n g e d  in  a c re s t, th e  c r is ta  a m p u lla r is , fo r  
m a in ta in in g .

Utricle and Semicircular Canals
During the sixth week of development, semi­
circular canals appear as flattened outpock­
etings of the utricular part of the otic vesicle 
(Fig. 19.6A,B). Central portions of the walls of 
these outpocketings eventually appose each 
other (Fig. 19.65,C) and disappear, giving rise 
to three semicircular canals (Fig. 19.6; see also 
Fig. 19.8). Whereas one end of each canal dilates 
to form the crus ampullare, the other, the crus 
nonampullare, does not widen (Fig. 19.6). 
Because two of the latter type fuse, however, 
only five crura enter the utricle, three with an 
ampulla and two without.

Cells in the ampullae form a crest, the crista 
ampullaris, containing sensory cells for main- 
tenance of equilibrium. Similar sensory areas, 
the maculae acusticae, develop in the walls 
of the utricle and saccule. Impulses gener- 
ated in sensory cells of the cristae and maculae 
as a result of a change in position of the body 
are carried to the brain by vestibular ñbers of 
cranial nerve VIII.

During formation of the otic vesicle, a small 
group of cells breaks away from its wall and 
forms the statoacoustic ganglion (Fig. 19.2C). 
Other cells of this ganglion are derived from the 
neural crest. The ganglion subsequently splits 
into cochlear and vestibular portions, which 
supply sensory cells of the organ of Corti and 
those of the saccule, utricle, and semicircular 
canals, respectively.

MIDDLE EAR

Tympanic Cavity and Auditory Tube
The tympanic cavity, which originates in the 
endoderm, is derived from the first pharyngeal 
pouch (Figs. 19.2 and 19.7). This pouch expands 
in a lateral direction and comes in contact with 
the floor of the first pharyngeal cleft. The distal 
part of the pouch, the tubotympanic recess, 
widens and gives rise to the primitive tympanic 
cavity, and the proximal part remains nar- 
row and forms the auditory tube (eustachian 
tube) (Figs. 19.7-B and 19.8), through which 
the tympanic cavity communicates with the 
nasopharynx.

Ossicles
The malleus and incus are derived from car- 
tilage of the first pharyngeal arch, and the 
stapes is derived from that of the second arch 
(Fig. 19.9Á). Although the ossicles appear dur­
ing the first half of fetal life, they remain em- 
bedded in mesenchyme until the eighth month 
(Fig. 19.9B), when the surrounding tissue dis- 
solves (Figs. 19.7,19.8, and 19.9fí). The endoder- 
mal epithelial lining of the primitive tympanic 
cavity then extends along the wall of the newly 
developing space. The tympanic cavity is now at 
least twice as large as before. When the ossicles 
are entirely free of surrounding mesenchyme, 
the endodermal epithelium connects them in a 
mesentery-like fashion to the wall of the cavity
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m e n t o f  th e  o ss ic les . B. M IddIe e a r s h o w in g  th e  c a r t ila g in o u s  p re c u rs o rs  o f th e  a u d ito ry  o ss ic les . Thin yellow  
Une in m e s e n c h y m e  in d ic a te s  fu tu re  e x p a n s ió n  o f th e  p r im it iv e  ty m p a n ic  ca v ity .
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(Fig. 19.9B). The supporting ligaments of the 
ossicles develop later within these mesenteries.

Because the malleus is derived from the 
first pharyngeal arch, its muscle, the tensor 
tympani, is innervated by the mandibular 
branch of the trigeminal nerve. The stapedius 
muscle, which is attached to the stapes, is 
innervated by the facial nerve, the nerve to the 
second pharyngeal arch.

During late fetal life, the tympanic cavity ex- 
pands dorsally by vacuolization of surrounding 
tissue to form the tympanic antrum. After birth, 
the epithelium of the tympanic cavity invades 
the bone of the developing mastoid process, 
and epithelium-lined air sacs are formed 
(pneumatization). Later, most of the mastoid 
air sacs come in contact with the antrum and 
tympanic cavity. Expansión of inflammations 
of the middle ear into the antrum and mastoid 
air cells is a common complication of middle ear 
infections.

■  EXTERNALEAR

External Audítory Meatus
The external audítory meatus develops from 
the dorsal portion of the first pharyngeal cleft 
(Fig. 19.7A). Atthebeginningofthethirdmonth, 
epithelial cells at the bottom of the meatus pro- 
liferate, forming a solid epithelial píate, the 
meatal plug (Fig. 19.75). In the seventh month, 
this plug dissolves, and the epithelial lining of 
the floor of the meatus participates in forma- 
tion of the definitive eardrum. Occasionally, the 
meatal plug persists until birth, resulting in con­
genital deafness.

Eardrum or Tympanic Membrane
The eardrum is made up of (1) an ectodermal 
epithelial lining at the bottom of the auditory 
meatus, (2) an endodermal epithelial lining of 
the tympanic cavity, and (3) an intermedíate 
layer of connective tissue (Fig. 19.9B) that forms 
the fibrous stratum. The major part of the ear­
drum is firmly attached to the handle of the mal- 
leus (Figs. 19.8 and 19.95), and the remaining 
portion forms the separation between the exter­
nal auditory meatus and the tympanic cavity.

Aurícle
The auricle develops from six mesenchymal 
proliferations at the dorsal ends of the first and 
second pharyngeal arches, surrounding the first

pharyngeal cleft (Fig. 19.10). These swellings 
(auricular hillocks), three on each side of the 
external meatus, later fuse and form the defini­
tive auricle (Fig. 19.10). Because formation and 
fusión of the auricular hillocks is complicated, 
developmental abnormalities of the auricle are 
common. Furthermore, because the hillocks are 
derived from neural crest cells, external ear de- 
fects are often associated with malformations in 
other organs derived from neural crest cells, such 
as the face, skull, and heart. Initially, the external 
ears are in the lower neck región (Fig. 19.10A,B), 
but growth of the mandible posteriorly and cra- 
nially, moves the external ears to the side of the 
head at the level of the eyes.

■  HEARING________________________

Hearing is dependent on sound waves that cause 
vibrations in the tympanic membrane, which is 
held tightly like the surface of a drum by the ten­
sor tympani muscle. If too loud a sound, causing 
potentially damaging vibrations, occurs, the ten­
sor tympani together with the stapedius muscle 
stretches the membrane even tighter to prevent 
it from vibrating too forcefully. Once the tym­
panic membrane vibrates, it causes movement 
of the ear ossicles, the malleus, incus, and sta­
pes that serve to amplify the forcé of the sound 
wave and to transmit the pressure of the wave to 
the cochlea through the oval window (Fig. 19.8). 
Amplification results from two factors: (1) The 
large size difFerence between the tympanic 
membrane (55 mm^) and the oval window 
(3.2 mm^), where the stapes attaches, results in 
greater energy produced by the membrane to be 
transferred and amplified at the oval window;
(2) because of its shape, the malleus acts like a 
lever to increase the forcé received by the sta­
pes (Fig. 19.8 and 19.95). Pressure produced by 
movement of the stapes at the oval window ere- 
ates a fluid wave in the cochlea that is balanced 
by movement of the round window (Fig. 19.8). 
The fluid wave moves small regions of the basilar 
membrane (Fig. 19.4) and the location of these 
regions is determined in part by the amplitude 
(loudness) and frequency (pitch) of the wave. 
Near the oval window, the basilar membrane is 
attached by shorter stiffier fibers to the side of the 
cochlea; farther along the cochlea, the fibers are 
longer and more flexible. Based on these fiber 
characteristics and the frequency of the wave, 
the wave reaches a point where it resonates with
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FIGURE 19.10 A. D ra w in g  o f  a 6 -w e e k -o ld  e m b ry o  s h o w in g  a la te ra l v ie w  o f th e  head  a n d  s ix  a u r ic u la r  
h illo ck s  s u rro u n d in g  th e  d o rs a l e n d  o f  th e  f lr s t  p h a ryn g e a l c le ft. B. S lx -w e e k -o ld  h u m a n  e m b ry o  sh o w in g  
a s ta g e  o f  e x te rn a l e a r d e v e lo p m e n t s im ila r  to  th a t  d e p ic te d  in  (A). N o te  th a t  h illo ck s  I  2, and  3  are  p a r t o f 
th e  m a n d ib u la r p o rt io n  o f  th e  f ir s t  p h a ry n g e a l a rch  and  th a t  th e  e a r lies  h o r iz o n ta lly  a t  th e  s id e  o f  th e  neck. 
A t  th is  s ta g e , th e  m a n d ib le  is sm a ll. A s  th e  m a n d ib le  g ro w s  a n te r io r ly  a n d  p o s te r io r ly , th e  ea rs , w h ic h  a re  
lo ca te d  im m e d ia te ly  p o s te r io r  to  th e  m a n d ib le , w ill be  re p o s itio n e d  in to  th e ir  c h a ra c te r is t ic  lo c a tio n  a t  th e  
s ide  o f  th e  head . C-E. Fus ión  a n d  P ro g re ss ive  d e v e lo p m e n t o f  th e  h illo ck s  in to  th e  a d u lt  au ric le .

the fibers and moves the basilar membrane. 
This movement is sensed by adjacent hair cells 
that send impulses back through nerve fibers of 
the acoustic segment of the statoacoustic nerve 
(Fig. 19.4C and 19.5C). High frequencies (high

pitch) are heard near the oval window where 
fibers connecting the basilar membrane are 
shorter and stiíFer; lower frequencies are heard 
farther up the cochlea where the fibers are lon- 
ger and more flexible.

Clinical Correlatas

Hearing Loss and External Ear 
Abnormalities
Congenital hearing loss m a y  be  d u e  t o  a b -
n o rm a l i t ie s  o f  th e  h a ir  c e lls  o r  a u d í to r y  n e rv e  
g a n g lia  (sensorineural loss] o r  to  s t r u c tu r a l  
d e fe c ts  in  th e  e x te rn a l e a r  c a n a l, e a rd ru m , o r  
e a r  o s s ic le s  (conductive hearing loss). F if ty

L

p e rc e n t  o f  c a s e s  a re  g e n e t ic  a n d  m a y  in v o lv e  
a u to s o m a l d o m in a n t  o r  re c e s s iv e  o r  X - lin k e d  
g e n e s . In T re a c h e r  C o llin s  s y n d ro m e , m a lfo r -  
m a t io n s  in  th e  e x te rn a l e a r  a n d  e a r  c a n a l a n d  
th e  e a r  o s s ic le s  c a n  a ll b e  in v o lv e d  in  c a u s in g

(continued)
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v a ry in g  d e g re e s  o f  c o n d u c t iv e  h e a r in g  lo ss . 
In D o w n  s y n d ro m e , h e a r in g  lo s s  m a y  b e  c a u s e d  
b y  s e n s o r in e u ra l a n d /o r  c o n d u c t iv e  a b n o rm a l-  
i t ie s . M o s t c a s e s  c a u s e d  b y  o th e r  fa c to r s  a re  
c h a ra c te r iz e d  b y  s e n s o r in e u ra l d e fe c ts .  T h e s e  
fa c to r s  in c lu d e  prenatal infectíons [ ru b e lla ,  
c y to m e g a lo v iru s ,  h e rp e s  s im p le x ) ,  prematu- 
rity, a n d  maternal diabetes. Accutane (retl- 
noids) c a n  c a u s e  b o th  ty p e s  o f  d e a fn e s s .

T h e  m o s t  c o m m o n  e a r  o s s ic le  t o  b e  in v o lv e d  
in  c o n d u c t iv e  h e a r in g  lo s s  is  th e  stapes, a n d  
th is  f a c t  m a y  b e  d u e  t o  its  u n iq u e  o r ig in  b e -  
c a u s e  i t s  fo o tp ia te  is  d e r iv e d  f r o m  n e u ra l c re s t  
c e lls  a n d  p a ra x ia l m e s o d e rm . N e u ra l c re s t  
c e lls  d i r e c t  f o r m a t io n  o f  th e  fo o tp ia te  a n d  o f 
t h e  o v a l w in d o w . W ith o u t  d ir e c t iv e  s ig n á is

f r o m  th e  n e u ra l c re s t ,  n e i th e r  th e  fo o tp ia te  ñ o r  
th e  o v a l w in d o w  d e v e lo p s  p ro p e r iy .  S ta p e s  f ix -  
a t io n  (a n k y lo s is j is  th e  m o s t  c o m m o n  a b n o r -  
m a l i t y  a n d  u s u a lly  in v o lv e s  b o th  e a rs .

External ear defects a re  c o m m o n ; th e y  
in c lu d e  m in o r  a n d  s e v e re  a b n o rm a li t ie s  
(F ig . 19.11]. T h e y  a re  s ig n i f ic a n t  f r o m  th e  s ta n d -  
p o in t  o f  th e  p s y c h o lo g ic a l a n d  e m o t io n a l 
t r a u m a  th e y  m a y  c a u s e  a n d  f o r  th e  f a c t  t h a t  
th e y  a re  o f te n  a s s o c ia te d  w it h  o th e r  m a lfo r -  
m a t io n s .  T h is  a s s o c ia t io n  is  d u e  in  p a r t  t o  th e  
fa c t  t h a t  e x te rn a l  e a rs  a re  d e r iv e d  f r o m  n e u ­
ra l c r e s t  c e lls  a n d  th is  c e ll t y p e  c o n t r ib u te s  to  
d e v e lo p m e n t  o f  m a n y  o th e r  s t r u c tu re s ,  in c lu d -  
in g  th e  fa c e , s k u li,  a n d  h e a r t .  T h u s , e x te rn a l 
e a r  d e fe c ts  s e rv e  a s  c lu e s  t o  e x a m in e  in fa n ts

FIGURE 19.11 E x te rn a l e a r d e fe c ts  A. A lm o s t c o m p le te  a b se n ce  [a n o tia ] o f  th e  e x te rn a l ear. B. A  sm a ll 
e a r [m ic ro tia ] w ith  a b n o rm a l fe a tu re s . C. A b n o rm a l e a r w ith  p re a u r ic u la r a p p e n d a g e s  (sk in  ta g s ). N ote  
a iso  th e  s lig h t d e p re ss io n  and  sm a ll h illo c k  a lo n g  th e  line  o f  th e  m a n d ib le . T hese  a re  re m n a n ts  o f e a r 
d e v e lo p m e n t a n d  in d íca te  th e  p a th  o f  th e  ea r as i t  m o ve d  to  its  n o rm a l p o s itio n  d u e  to  g ro w th  o f th e  
m a n d ib le . D. P re a u ric u la r p it.



Chapter19 • Ear

c a re fu l ly  f o r  o th e r  a b n o rm a li t ie s .  All of the fre- 
quently occurring chromosomal syndromes 
and most of the less common ones have ear 
anomalies as one of theír characteristics.

Preauricular appendages and pits 
(F ig . 19.11 C,D] a re  s k in  ta g s  a n d  s h a l lo w  d e -

p re s s io n s , re s p e c t iv e ly ,  a n te r io r  t o  th e  e a r. 
P its  m a y  in d íc a te  a b n o rm a l d e v e lo p m e n t  o f  
th e  a u r ic u la r  h i l lo c k s ,  w h e re a s  a p p e n d a g e s  
m a y  b e  c a u s e d  b y  a c c e s s o ry  h il lo c k s .  L ike  
o th e r  e x te rn a l  e a r  d e fe c ts ,  b o th  a re  s o m e -  
t im e s  a s s o c ia te d  w ith  o th e r  m a lfo rm a t io n s .

S U M M A R Y
The ear consists of three parts that have diíferent 
origins but that function as one unit. The inter- 
nal ear originates from the otic vesicle, which in 
the fourth week of development detaches from 
surface ectoderm. This vesicle divides into a ven­
tral component, which gives rise to the saccule 
and cochlear duct and a dorsal component, 
which gives rise to the utricle, semicircular 
canals, and endolymphatic duct (Figs. 19.3, 
19.6, and 19.8). The epithelial structures thus 
formed are known collectively as the membra- 
nous labyrinth. Except for the cochlear duct, 
which forms the organ of Corti, all structures 
derived from the membranous labyrinth are 
involved with equilibrium.

The middle ear, consisting of the tympanic 
cavity and auditory tube, is lined with epi- 
thelium of endodermal origin and is derived 
from the first pharyngeal pouch. The audi­
tory tube extends between the tympanic cavity 
and nasopharynx. The ossicles, which transfer 
sound from the tympanic membrane to the oval 
window, are derived from the first (malleus and 
incus) and second (stapes) pharyngeal arches 
(Fig. 19.9).

The extemal auditory meatus develops from 
the first pharyngeal cleft and is separated from 
the tympanic cavity by the tympanic membrane 
(eardrum). The eardrum consists of (1) an ecto- 
dermal epithelial lining, (2) an intermediate layer 
of mesenchyme, and (3) an endodermal lining 
from the first pharyngeal pouch.

The auricle develops from six mesenchymal 
hiUocks (Fig. 19.10) along the first and second 
pharyngeal arches. Defects in the auricle are often 
associated with other congenital malformations.

Problems to Solve
1. The otic placode plays a major role in for- 

mation of the internal (inner ear). What is 
a placode, and where does the otic placode 
form? What structures does it contribute to 
the inner ear?

2. What is the embryologic origin of the tym­
panic (middle ear) cavity, auditory tube, and 
tympanic membrane (eardrum)?

3. A newborn has bilateral microtia. Should you 
be concerned about other malformations? 
What cell population might be involved in 
the embryologic origin of the defect?
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Eye

■  OPTIC CUP AND LENS VESICLE

The developing eye appears in the 22-day em- 
biyo as a pair of shallow grooves on the sides 
of the forebrain (Fig. 20.1). With dosure of the 
neural tube, these grooves form outpocketings

of the forebrain, the optic vesicles. These ves- 
icles subsequently come in contact with the 
surface ectoderm and induce changes in the ec- 
toderm necessary for lens formation (Fig. 20.1). 
Shorüy thereafter, the optic vesicle begins to

O tic  ves icle

C u t line fo r B - D

O ptic  vesicle

W all of 
fo rebra in

Surface
ectoderm

‘ Opti 
g rooves O ptic

vesicle
Invaginating 
lens p lacode

Invaginating 
op tic  ves ic le

FIGURE 20.1 A. E m b ryo  a t  th e  end  o f 4  w e e k s  o f  d e v e lo p m e n t s h o w in g  th e  o tic  and  o p t ic  ves ic les .
B. T ra n sve rse  s e c tio n  th ro u g h  th e  fo re b ra in  o f  a 2 2 -d a y  e m b ry o  [—14 s o m ite s ] s h o w in g  th e  o p tic  g ro o ve s .
C. T ra n sve rse  s e c tio n  th ro u g h  th e  fo re b ra in  o f  a 4 -w e e k  e m b ry o  sh o w in g  th e  o p t ic  v e s ic le s  in c o n ta c t w ith  
th e  s u rfa c e  e c to d e rm . N o te  th e  s lig h t  th ic k e n in g  o f th e  e c to d e rm  [le n s  p la co d e ], D. T ra n sve rse  s e c tio n  
th ro u g h  th e  fo re b ra in  o f a 5 -m m  e m b ry o  s h o w in g  in v a g in a tio n  o f th e  o p t ic  ve s ic le  and  th e  le n s  p lacode .
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invaginate and forms the double-walled optic cup 
(Figs. 20.1 and 20.2A). The inner and outer lay- 
ers of this cup are initially separated by a lumen, 
the intraretinal space (Fig. 20.2B), but soon this 
lumen disappears, and the two layers appose 
each other (Fig. 2Q.2D,E). Invagination is not re- 
stricted to the central portion of the cup but also 
involves a part of the inferior surface (Fig. 2 0 .2 A )  
that forms the choroid fissure. Formation of this

fissure allows the hyaloid artery to reach the inner 
chamber of the eye (Fig. 2 0 .3 ; see also Fig. 2 0 .7 ). 
During the seventh week, the lips of the choroid 
fissure fiise, and the mouth of the optic cup be- 
comes a round opening, the future pupil.

During these events, cells of the surface ecto- 
derm, initially in contact with the optic vesicle, 
begin to elongate and form the lens placode 
(Fig. 2 0 .1 ). This placode subsequently invaginates
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FIGURE 20.2 A. V e n tro la te ra l v ie w  o f th e  o p t ic  c u p  and  o p tic  s ta lk  o f a 6 -w e e k  e m b ryo . T he c h o ro id  fis su re  
on th e  u n d e rs u rfa c e  o f  th e  o p tic  s ta lk  g ra d u a lly  ta p e rs  o ff. B. T ra n sve rsa  s e c tio n  th ro u g h  th e  o p tic  s ta lk  as 
in d ic a te d  in (A), sh o w in g  th e  h ya lo id  a r te ry  in th e  c h o ro id  fissu re . C. S e ction  th ro u g h  th e  lens ve s ic le , th e  o p tic  
cup , and  o p tic  s ta lk  a t  th e  p lañe  o f th e  c h o ro id  fissu re . D. S cann ing  e le c tró n  m ic ro g ra p h  th ro u g h  th e  eye a t 
6 w e e ks  o f d e v e lo p m e n t. The lens  ve s ic le  has n o t q u ite  fin is h e d  d e ta c h in g  fro m  th e  su rfa ce  e c to d e rm , and  th e  
tw o  la ye rs  o f  th e  o p tic  cup  have  fo rm e d . E. S cann ing  e le c tró n  m ic ro g ra p h  th ro u g h  th e  eye  a t 6 .5  w e e ks  o f  d e ­
v e lo p m e n t. T he  lens is c o m p le te ly  d e ta ch e d  fro m  th e  s u rfa c e  e c to d e rm  and  w ill so o n  s ta r t  to  fo rm  lens fibe rs .
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FIGURE 20.3 S e ctio n  th ro u g h  th e  eye  
o f  a 7 -w e e k  e m b t7 0 . The  eye  p h m o r- 
d iu m  is c o m p le te ly  e m b e d d e d  in m e s - 
en ch ym e . F ibe rs  o f  th e  n e u ra l re tin a  
co n v e rg e  to w a rd  th e  o p t ic  nerve .
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and develops inte the lens vesicle. During the 
fifth week, the lens vesicle loses contact with the 
surface ectoderm and lies in the mouth of the 
optic cup (Figs. 20.2C-E and 20.3).

■  RETINA, IRIS, AND CILIARYBODY

The outer layer of the optic cup, which is charac- 
terized by small pigment granules, is known as

the pigmented layer of the retina (Fig. 20.2D,E; 
see also Fig. 20.6). Development of the inner 
(neural) layer of the optic cup is more compli- 
cated. The posterior four-fifths, the pars óptica 
retinae, contains cells bordering the intrareti­
nal space (Fig. 20.3) that differentiate into the 
photoreceptive rods and cones (Fig. 20.4). Rods 
are more numerous (120 million) and more 
sensitive than cones (6 to 7 million) but do

FIGURE 20.4 V a rio u s  la ye rs  o f  th e  
p a rs  ó p tic a  re tin a e  in a fe tu s  o f  ap - 
p ro x im a te iy  25 v/eeks.

Layer of rods 
and cones

O uter nuclear layer 
(nuclei o f rods < 
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(nuclei o f < 

b ipo la r cells)

C angilón cell < 
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O ptic nerve 
fibers
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not detect color like the cones. Adjacent to this 
photoreceptive layer is the mantle layer, which, 
as in the brain, gives rise to neurons and sup- 
porting cells, including the outer nuclear layer, 
inner nuclear layer, and ganglion cell layer 
(Fig. 20.4). On the surface is a fibrous layer that 
contains axons of nerve cells of the deeper lay- 
ers. Nerve fibers in this zone converge toward 
the optic stalk, which develops inte the optic 
nerve (Fig. 20.3). Henee, hght impulses pass 
through most layers of the retina before they 
reach the rods and cones.

The anterior fifth of the inner layer, the pars 
ceca retinae, remains one cell layer thick. It 
later divides into the pars iridica retinae, which 
forms the inner layer of the iris, and the pars 
ciliaris retinae, which participates in formation 
of the cÜiary body (Figs. 20.5 and 20.6).

Meanwhile, the región between the optic 
cup and the overlying surface epithelium is 
filled with loose mesenchyme (Figs. 20.2C 
and 20.6). The sphincter and dilator pupillae 
muscles form in this tissue (Fig. 20.5). These 
muscles develop from the underlying ecto- 
derm of the optic cup. In the adult, the iris is 
formed by the pigment-containing external 
layer, the unpigmented internal layer of the 
optic cup, and a layer of richly vascularized 
connective tissue that contains the pupillary 
muscles (Fig. 20.5).

The pars ciliaris retinae is easily recognized 
by its marked folding (Figs. 20.5B and 20.6). 
Fxternally, it is covered by a layer of mesen­
chyme that forms the ciliary muscle; on the in- 
side, it is connected to the lens by a network of 
elastic fibers, the suspensory ligament or zonula 
(Fig. 20.6). Contraction of the ciliary muscle 
changes tensión in the ligament and Controls 
curvature of the lens.

■  LENS____________________________

Shortly after formation of the lens vesicle 
(Fig. 20.2C), cells of the posterior wall begin 
to elongate anteriorly and form long fibers 
that gradually fill the lumen of the vesicle 
(Fig. 20.3). By the end of the seventh week, 
these primary lens fibers reach the anterior 
wall of the lens vesicle. Growth of the lens is 
not finished at this stage, however, because 
new (secondary) lens fibers are continuously 
added to the central core.

■  CHOROID.SCLERA, AND CORNEA

At the end of the fifth week, the eye primordium 
is completely surrounded by loose mesenchyme 
(Fig. 20.3). This tissue soon diíFerentiates into an 
inner layer comparable with the pia mater of the 
brain and an outer layer comparable with the 
dura mater. The inner layer later forms a highly 
vascularized pigmented layer known as the 
choroid; the outer layer develops into the sclera 
and is continuous with the dura mater around 
the optic nerve (Fig. 20.6).

Differentiation of mesenchymal layers overly­
ing the anterior aspect of the eye is diíferent. The 
anterior chamber forms through vacuolization 
and splits the mesenchyme into an inner layer 
in front of the lens and iris, the iridopupillary 
membrane, and an outer layer continuous with 
the sclera, the substantia propria of the cornea 
(Fig. 20.6). The anterior chamber itself is lined by 
fiattened mesenchymal cells. Henee, the cornea 
is formed by (1) an epithelial layer derived from 
the surface ectoderm, (2) the substantia propria 
or stroma, which is continuous with the sclera, 
and (3) an epithelial layer, which borders the 
anterior chamber. The iridopupillary membrane 
in front of the lens disappears completely. The 
posterior chamber is the space between the iris 
anteriorly and the lens and ciliary body posteri- 
orly. The anterior and posterior chambers com- 
municate with each other through the pupil and 
are filled with fluid called the aqueous humor 
produced by the ciliary process of the ciliary 
body. The clear aqueous humor circulates from 
the posterior chamber into the anterior cham­
ber providing nutrients for the avascular cornea 
and lens. From the anterior chamber, the fluid 
passes through the scleral venous sinus (canal 
of Schlemm) at the iridocorneal angle where it is 
resorbed into the bloodstream. Blockage of the 
flow of fluid at the canal of Schlemm is one cause 
of glaucoma.

■  VITREOUS BODY_________________

Mesenchyme not only surrounds the eye pri­
mordium from the outside but also invades the 
inside of the optic cup by way of the choroid fis- 
sure. Here, it forms the hyaloid vessels, which 
during intrauterine life supply the lens and form 
the vascular layer on the inner surface of the 
retina (Fig. 20.6). In addition, it forms a delicate
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FIGURE 20.5 D e v e lo p m e n t o f  th e  iris  a n d  c ilia ry  body . T he h m  o f th e  o p tic  c u p  is c o ve re d  b y  m e se n ch ym e , 
in  w h ic h  th e  s p h in c te r a n d  d ila to r  p u p illa e  d e v e lo p  fro m  th e  u n d e r iy in g  e c to d e rm .
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FIGURE 20.7 T ra n s fo rm a tio n  o f  th e  o p t ic  s ta lk  in te  th e  o p t ic  ne rve . A. SIx th  w e e k  [9 m m ). B. S e ve n th  v^^eek 
[15 m m ). C. N in th  w eek. N o te  th e  c e n tra l a r te ry  o f  th e  re tin a  in th e  o p tic  nerve .

network of fibers between the lens and retina. 
The interstitial spaces of this network later ñll 
with a transparent gelatinous substance, form- 
ing the vitreous body (Fig. 20.6). The hyaloid 
vessels in this región are obhterated and disap- 
pear during fetal life, leaving behind the hyaloid 
canal.

■  OPTIC NERVE____________________

The optic cup is connected to the brain by the 
optic stalk, which has a groove, the choroid 
físsure, on its ventral surface (Figs. 20.2 and 
20.3). In this groove are the hyaloid vessels. The 
nerve fibers of the retina returning to the brain 
lie among cells of the inner wall of the stalk 
(Fig. 20.7). During the seventh week, the cho­
roid fissure closes, and a narrow tunnel forms 
inside the optic stalk (Fig. 20.7B). As a result of 
the continuously increasing number of nerve 
fibers, the inner wall of the stalk grows, and 
the inside and outside walls of the stalk fuse 
(Fig. 20.7C). Cells of the inner layer provide a 
network of neuroglia that supports the optic 
nerve fibers.

The optic stalk is thus transformed into the 
optic nerve. Its center contains a portion of the 
hyaloid artery, later called the central artery of 
the retina. On the outside, a continuation of the 
choroid and sclera, the pia arachnoid and dura 
layer of the nerve, respectively, surround the 
optic nerve.

■  MOLECULAR REGULATION OF 
EYE DEVELOPMENT______________

PAX6 is the key regulatory gene for eye devel- 
opment. It is a member of the PAX (paired box) 
family of transcription factors and contains two

DNA-binding motifs that include a paired do- 
main and a paired-type homeodomain. Initially, 
this transcription factor is expressed in a band 
in the anterior neural ridge of the neural píate 
before neurulation begins (Fig. 20.SA,B-, see also 
Fig. 18.32). At this stage, there is a single eye 
field that later separates into two optic primor- 
dia (Fig. 20.8B). The signal for separation of this 
field is SONIC HEDGEHOG (SHH) expressed 
in the prechordal píate. SHH expression upreg- 
ulates PAX2 in the center of the eye field and 
downregulates PAX6 (Fig. 20.8C). Later, this 
pattern is maintained so that PAX2 is expressed 
in the optic stalks and PAX6 is expressed in 
the optic cup and overlying surface ectoderm 
that forms the lens. As development proceeds, 
it appears that PAX6 is not essential for optic 
cup formation. Instead, this process is regu- 
lated by Interactive signáis between the optic 
vesicle and surrounding mesenchyme and the 
overlying surface ectoderm in the lens-forming 
región (Fig. 20.9). Thus, fibroblast growth fac­
tors (FGFs) from the surface ectoderm promote 
differentiation of the neural (inner layer) retina, 
whereas transforming growth factor (3 (TGF-P), 
secreted by surrounding mesenchyme, directs 
formation of the pigmented (outer) retinal 
layer. Downstream from these gene producís, 
the transcription factors M ITF and CHXIO 
are expressed and direct differentiation of 
the pigmented and neural layer, respectively 
(Fig. 20.9). Thus, the lens ectoderm is essential 
for proper formation of the optic cup, such that 
without a lens placode, no cup invagination 
occurs.

Differentiation of the lens depends on PAX6, 
although the gene is not responsible for induc- 
tive activity by the optic vesicle. Instead, PAX6 
acts in the surface ectoderm to regúlate lens
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FIGURE 20.8 A. D orsa l v ie w  o f  th e  c ra n ia l n e u ra l p ía te  re g ió n  [blue a rea ) in a p re s o m ite  s ta g e  e m b ry o  a t 
3  w e e k s ’ g e s ta tio n . B,C. D ra w in g s  o f  th e  c ra n ia l n e u ra l p ía te  re g ió n  d e p ic te d  in (A) s h o w in g  th e  in it ia l s ta g e s  
o f  eye  d e v e lo p m e n t. The tra n s c r ip t io n  fa c to r  PAX6 is th e  m a s te r g e n e  fo r  eye  d e v e lo p m e n t, a n d  i t  is  in it ia lly  
e xp re sse d  in  a ban d  in th e  c e n te r  o f th e  a n te r io r  n e u ra l r id g e  (B). S on ic  h e d g e h o g  [SHH], s e c re te d  b y  th e  
p re c h o rd a l p ía te , in h ib its  th e  e x p re s s io n  o f  PAX6 in th e  m id lin e  and  u p re g u la te s  e x p re s s io n  o f  PAX2 in th is  
sam e  lo c a tio n  ÍC). PAX2 th e n  re g u la te s  o p t ic  s ta lk  d if fe re n t ia t io n , w h e re a s  PAX6 c o n tin ú e s  to  re g ú la te  d if-  
fe re n t ia t io n  o f  th e  eyes.

development (Fig. 20.9C). This expression up­
regulates the transcription factor S0X2  and also 
maintains PAX6 expression in the prospective 
lens ectoderm. In turn, the optic vesicle secretes 
BMP4, which also upregulates and maintains 
S0X2 expression as well as expression of LMAF, 
another transcription factor (Fig. 20.9C). Next, 
the expression of two homeobox genes, SIX3

and PROXly is regulated by PAX6. The com- 
bined expression of PAX5, S0X2, and LMAF 
initiates expression of genes responsible for lens 
crystallin formation, including PROXl. SIX3 
also acts as a regulator of crystallin production 
by inhibiting the crystallin gene. Finally, PAX6, 
acting through F0X3, regulates cell prolifera- 
tion in the lens.
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FIGURE 20.9 D ra w in g  s h o w in g  m o le c u la r re g u la tio n  o f e p ith e lia l-m e s e n c h y m a l in te ra c tlo n s  re sp o n s ib le  
fo r  p a tte rn in g  eye  d e v e lo p m e n t. A. O nce PAX6 e s ta b lis h e s  th e  eye  fie id , f ib ro b la s t  g ro w th  fa c to rs  [FGFs], 
se c re te d  b y  s u rfa c e  e c to d e rm  in th e  p ro s p e c tiv e  le n s - fo rm in g  re g ió n  o v e r iy in g  th e  o p tic  ve s ic le , p ro m o te  
d if fe re n t la t io n  o f  th e  n e u ra l re tin a l laye r, w h e re a s  m e m b e rs  o f th e  tra n s fo rm in g  g ro w th  fa c to r  (3 [TGF-(3] 
fa m ily , s e c re te d  b y  s u rro u n d in g  m e s e n c h y m e , p ro m o te  d if fe re n t ia t io n  o f th e  p ig m e n te d  re tin a l laye r. T hese 
e x te rn a l s ig n á is  cau se  re g io n a liz a tio n  o f  th e  in n e r  and  o u te r  la ye rs  o f th e  o p t ic  cup  and  u p re g u la te  d o w n - 
s tre a m  genes, in c lu d in g  CHXIO and  MITF, th a t  re g ú la te  c o n tin u e d  d if fe re n t ia t io n  o f th e s e  s tru c tu re s . B,C. In 
a d d itio n  to  its  ro le  in d e te rm in in g  th e  eye  fie ld s , PAX6 re g ú la le s  le n s  d e v e lo p m e n t. Thus, PAX6 u p re g u la te s  
50X2  e x p re s s io n  in th e  p ro s p e c tiv e  lens, w h e re a s  B M P 4 s e c re te d  by th e  o u te r  ve s ic le  u p re g u la te s  th e  tra n -  
s c r ip t io n  fa c to r  LMAF. O nce th is  g ene  is a c tiv a te d , PAX6 in d u ce s  e x p re ss io n  o f th e  h o m e o d o m a in -c o n ta in in g  
g e n e s  SIX3 and  PROXl The c o m b in e d  e x p re s s io n  o f  PAX6, S0X2, LMAF, and  PROXl leads  to  c ry s ta llin  fo rm a - 
tio n . 51X3 a s s is ts  in re g u la tin g  th is  p ro ce ss  b y  in h ib it in g  th e  c ry s ta llin  gene.

Clinical Correlates

Eye Abnormalities
Coloboma m a y  o c c u r  i f  th e  c h o ro id  f is s u re  
fa i ls  t o  c ió s e . N o rm a lly ,  th is  f is s u re  c lo s e s  
d u r in g  th e  s e v e n th  w e e k  o f  d e v e lo p m e n t  
(F ig . 2 0 .7 ). W h e n  i t  d e e s  n o t,  a  c le f t  p e rs is ts . 
A lth o u g h  s u c h  a c le f t  is  u s u a l ly  in  th e  ir is  o n ly -  
coloboma iridis (F ig . 2 0 .1 0 > 5 ]- it  m a y  e x te n d  
in to  th e  c i l ia r y  b o d y , th e  re t in a ,  t h e  c h o ro id ,  
a n d  th e  o p t ic  n e rv e . C o lo b o m a  is  a c o m -  
m o n  e y e  a b n o r m a li ty  f r e q u e n t ly  a s s o c ia te d  
w ith  o th e r  e y e  d e fe c ts .  C o lo b o m a s  (c le fts )  o f 
th e  e y e lid s  m a y  a is o  o c c u r . M u ta t io n s  in  th e  
PAX2 g e n e  h a v e  b e e n  l in k e d  w ith  o p t ic  n e rv e  
c o lo b o m a s  a n d  m a y  p la y  a  ro le  in  th e  o th e r  
ty p e s  a s  w e ll.  R e n a l d e fe c ts  a is o  o c c u r  w ith  
m u ta t io n s  in  PAX2 a s  p a r t  o f  th e  renal colo­
boma syndrome [s e e  C h a p te r  16).

T h e  iridopupillary membrane [F ig . 2 0 .1 0 6 ] 
m a y  p e rs is t  in s te a d  o f  b e in g  re s o rb e d  d u r in g  
fo r m a t io n  o f  th e  a n te r io r  c h a m b e r .

Congenital cataracts c a u s e  th e  le n s  t o  b e - 
c o m e  o p a q u e  d u r in g  in t r a u te r in e  l i fe .  A lth o u g h  
th is  a n o m a ly  is  u s u a lly  g e n e t ic a l ly  d e te r -  
m in e d , m a n y  c h i ld re n  b o rn  t o  m o th e rs  w h o  
h a d  ru b e l la  [G e rm á n  m e a s le s )  b e tw e e n  th e  
f o u r th  a n d  s e v e n th  w e e k s  o f  p re g n a n c y  h a d  
c a ta ra c ts .  I f  th e  m o th e r  is  in fe c te d  a f te r  th e  
s e v e n th  w e e k  o f  p re g n a n c y ,  th e  le n s  e s c a p e s  
d a m a g e , b u t  th e  c h ild  m a y  h a v e  h e a r in g  lo s s  
a s  a r e s u lt  o f  c o c h ie a r  a b n o rm a li t ie s .  B e c a u s e  
o f  t h e  M M R  [m e a s le s , m u m p s , a n d  ru b e lla ]  
v a c c in e ,  c o n g e n ita l ru b e l la  s y n d ro m e  h a s  b e e n  
n e a r ly  e ra d ic a te d  in  th e  U n ite d  S ta te s .

[continued]
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FIGURE 20.10 A. C o lo b o m a  iris. B. P e rs is te n ce  o f  th e  ih d o p u p illa ry  m e m b ra n e .

T h e  hyaloíd artery m a y  p e rs is t  t o  fo r m  a 
c o rd  o r  c y s t .  N o rm a lly ,  th e  d is ta l p o r t io n  o f 
th is  v e s s e l d e g e n e ra te s ,  le a v in g  th e  p ro x im a l 
p a r t  t o  fo rm  th e  c e n t ra l a r te r y  o f  th e  re t in a .

In microphthalmia, t h e  e y e  is  to o  s m a ll;  
t h e  e y e b a ll m a y  b e  o n iy  t w o - th i r d s  o f  i ts  n o r ­
m a l v o lu m e .  U s u a lly  a s s o c ia te d  w ith  o th e r  
o c u la r  a b n o rm a li t ie s ,  m ic ro p h th a lm ia  c a n  
r e s u lt  f r o m  in t r a u te r in e  in fe c t io n s ,  s u c h  a s  
c y to m e g a lo v iru s  a n d  to x o p la s m o s is .

Anophthalmia is  a b s e n c e  o f  th e  eye . In 
s o m e  ca se s , h is to lo g ic a l a n a ly s is  re v e á is  s o m e  
o c u la r  t is s u e . T h e  d e fe c t  is  u s u a lly  a c c o m p a -  
n ie d  b y  s e v e re  c ra n ia l a b n o rm a lit ie s .

Congenital aphakia [a b s e n c e  o f  th e  le n s ] 
a n d  aniridia (a b s e n c e  o f  t h e  ir is ; F ig . 20.11] a re  
ra re  a n o m a lie s  t h a t  r e s u l t  f r o m  d is tu rb a n c e s  
in  in d u c t io n  a n d  d e v e lo p m e n t  o f  t is s u e s  re -  
s p o n s ib le  f o r  fo r m a t io n  o f  th e s e  s t ru c tu re s .  
M u ta t io n s  in  PAX6 r e s u lt  in  a n ir id ia  a n d  m a y  
a is o  c o n t r ib u te  t o  a n o p h th a lm ia  a n d  m i­
c ro p h th a lm ia .

Cyclopia [s in g le  e y e ] a n d  synophthalmia 
[ fu s ió n  o f  th e  e y e s )  c o m p r is e  a s p e c tru m  
o f  d e fe c ts  in  w h ic h  th e  e y e s  a re  p a r t ia l ly  o r  
c o m p le te ly  fu s e d  [F ig . 2 0 .1 2 ]. T h e  d e fe c ts  a re  
c a u s e d  b y  a  lo s s  o f  m id l in e  t is s u e  t h a t  m a y  
o c c u r  a s  e a r ly  a s  d a y s  19 t o  21 o f  g e s ta t io n  o r  
a t  la te r  s ta g e s  w h e n  fa c ia l d e v e lo p m e n t  is  in i-  
t ia te d .  T h is  lo s s  re s u lts  in  u n d e rd e v e lo p m e n t  
o f  th e  fo r e b r a in  a n d  f r o n to n a s a l p ro m in e n c e .

E a

FIGURE 20.11 P a tie n t w ith  a n ir id ia  [ab se n ce  o f 
th e  iris), w h ic h  can  be due  to  m u ta tio n s  in PAX6.

T h e s e  d e fe c ts  a re  in v a r ia b ly  a s s o c ia te d  w ith  
a b ra in  d e fe c t  c a lle d  holoprosencephaly, in  
w h ic h  th e  c e re b ra l h e m is p h e re s  a re  p a r t ia l ly  
o r  c o m p le te ly  m e rg e d  in to  a s in g le  te le n c e -  
p h a lic  v e s ic le . F a c to rs  a s s o c ia te d  w ith  h o ­
lo p ro s e n c e p h a ly  in c lu d e  a lc o h o l,  m a te rn a l 
d ia b e te s ,  m u ta t io n s  in  SHH, a n d  a b n o r m a li­
t ie s  in  c h o le s te ro l m e ta b o lis m  th a t  m a y  d is -  
r u p t  SHH s ig n a l in g  (se e  C h a p te r  18).

FIGURE 20.12 S yn o p h th a lm ia . T he e ye s  are  
fu s e d  b e ca u se  loss  o f  m id lin e  s tru c tu re s  p re - 
v e n te d  th e  eye  fie ld s  fro m  s e p a ra tin g . Such b a ­
b le s  a iso  have  se ve re  c ra n ia l d e fe c ts , in c lu d in g  
h o lo p ro s e n c e p h a ly  (see C h a p te r 18].
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S U M M A R Y
The eyes begin to develop as a pair of outpocket- 
ings that will become the optic vesicles on each 
side of the forebrain at the end of the fourth week 
of development (Fig. 20.1). The optic vesicles 
contact the surface ectoderm and induce lens 
formation. When the optic vesicle begins to in- 
vaginate to form the pigment and neural layers 
of the retina, the lens placode invaginates to form 
the lens vesicle. Through a groove at the inferior 
aspect of the optic vesicle, the choroid ñssure, 
the hyaloid artery (later the central artery of 
the retina) enters the eye (Fig. 20.3). Nerve fi- 
bers of the eye also occupy this groove to reach 
the optic areas of the brain. The cornea is formed 
by ( 1) a layer of surface ectoderm; (2) the stroma, 
which is continuous with the sclera; and (3) an 
epithelial layer bordering the anterior chamber 
(Fig. 20.6).

PAX6, the master gene for eye development, is 
expressed in the single eye field at the neural píate 
stage. The eye field is separated into two optic 
primordia by SHH, which upregulates PAX2

expression in the optic stalks while downregu- 
lating PAX6, restricting this gene’s expression to 
the optic cup and lens. Epithelial-mesenchymal 
interactions between prospective lens ectoderm, 
optic vesicle, and surrounding mesenchyme 
then regúlate lens and optic cup difFerentiation 
(Figs. 20.8 and 20.9).

Problems to Solve
1. A newborn has unilateral aphakia (absent 

lens). What is the embryological origin of 
this defect?

2. In taking a history of a young woman in her 
lOth week of gestation, you become con­
cerned that she may have contracted rubella 
sometime during the fourth to eighth weeks 
of her pregnancy. What types of defects 
might be produced in her oífspring?

3. Physical examination of a newborn reveáis 
clefts in the lower portion of the iris bilateraUy. 
What is the embryological basis for this de­
fect? What other structures might be involved?
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X

SKIN

The skin is the largest organ in the body and 
has a dual origin: (1) A superficial layer, the 
epidermis, develops from the surface ectoderm. 
(2) A deep layer, the dermis, develops from the 
underlying mesenchyme.

Epidermis
Initially, the embryo is covered by a single layer of 
ectodermal ceUs (Fig. 21.1 A). In the beginning of the 
second month, this epithelium divides, and a layer 
of flattened cells, the periderm, or epitrichium, is 
laid down on the surface (Fig. 21.15). With fiirther 
proliferation of cells in the basal layer, a third, inter­
medíate zone is formed (Fig. 21.IC). Finally, at the 
end of the fourth month, the epidermis acquires its 
deñnitive arrangement, and four layers can be dis- 
tinguished (Fig. 21.ID):

The basal layer, or germinative layer, is responsi- 
ble for production of new cells. This layer later 
forms ridges and hollows, which are reflected 
on the surface of the skin in the fingerprint.

A thick spinous layer consists of large polyhe- 
dral cells containing fine tonofibrils.

The granular layer contains small keratohyalin 
granules in its cells.

The horny layer, forming the tough scale-like 
surface of the epidermis, is made up of closely 
packed dead cells containing keratin.

Cells of the periderm are usually cast ofF 
during the second part of intrauterine life and 
can be found in the amniotic fluid. During the 
first 3 months of development, the epidermis is 
invaded by cells arising from the neural crest. 
These cells synthesize melanin pigment in mela- 
nosomes. As melanosomes accumulate, they are 
transported down dendritic processes of melano- 
cytes and are transferred intercellularly to kerati- 
nocytes of the skin and hair bulb. In this manner, 
pigmentation of the skin and hair is acquired.

Dermis
Dermis is derived from mesenchyme that has 
three sources: ( 1) lateral píate mesoderm sup- 
plying cells for dermis in the limbs and body

Ectoderm

M esenchym e-

H orny 
layer

G ranu la r 
layer

o  Y o

t “  Sp inous layer 

M elanocyte

G erm inative  
layer

C orium

FIGURE 21.1 F o rm a tio n  o f  th e  sk in  a t  v a r io u s  s ta g e s  o f  d e v e lo p m e n t. A. 5 w e e ks . B. 7 w/eeks. C. 4  m o n th s .
D. B irth .

layer . r-.?%
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Clinical Correlates

Pigmentary Disorders
A  la rg e  n u m b e r  o f  p ig m e n ta ry  d is o rd e rs  o c c u r, 
a n d  th e s e  c a n  be  c la s s if ie d  a s  d is e a s e s  o f  
m e la n o c y te  d e v e lo p m e n t,  fu n c t io n ,  a n d  s u r -  
v iv a l.  E x a m p le s  o f  a b n o rm a lit ie s  o f  m e la n o c y te  
fu n c t io n  in c lu d e  piebaldísm [p a tc h y  a b s e n c e  
o f  h a ir  p ig m e n t ]  a n d  Waardenburg syndrome 
(ws), w h ic h  fe a tu re  p a tc h e s  o f  w h ite  s k in  a n d  
h a ir. T h e re  a re  s e v e ra l ty p e s  o f  W S, b u t  th e y  
s h a re  s o m e  c o m m o n  c h a ra c te r is t ic s , in c lu d -  
in g  p a tc h e s  o f  w h ite  h a ir  [u s u a lly  a fo re lo c k ],  
h e te ro c h ro m ia  ir id e s  (e y e s  o f  d i f fe r e n t  c o lo rs ], 
w h ite  p a tc h e s  o f  sk in , a n d  d e a fn e s s . T h e  d e fe c ts  
a r is e  b e c a u s e  o f  fa u l ty  m ig ra t io n  o r  p ro life ra t io n  
o f  n e u ra l c re s t  c e lls  (a b s e n c e  o f  m e la n o c y te s  
d e r iv e d  f ro m  th e s e  c e lls  in  th e  s tr ia  v a s c u la r is  in 
th e  c o c h ie a  a c c o u n ts  fo r  d e a fn e s s  in th e s e  d is ­
ea se s ). S o m e  ty p e s  o f  W S re s u lt  f r o m  m u ta t io n s  
in  PAX3, in c iu d in g  WS1 a n d  W S3.

D is e a s e s  o f  m e la n o c y te  fu n c t io n  in c lu d e  
th e  v a r io u s  fo rm s  o f  albinísm c h a ra c te r iz e d  
b y  g lo b a l ly  re d u c e d  o r  a b s e n t  p ig m e n ta t io n  in

L

th e  s k in , h a ir , a n d  e y e s . T h e s e  c a s e s  a re  c la s ­
s if ie d  a s  d i f f e r e n t  t y p e s  o f  oculocutaneous 
albinism (OCA], In m o s t  c a s e s , a b n o rm a li t ie s  
o f  m e la n in  s y n th e s is  o r  p ro c e s s in g  p ro d u c e  
th e  a b n o rm a lit ie s .

VitÍligo re s u lts  f r o m  a lo s s  o f  m e la n o c y te s  
d u e  t o  a n  a u to im m u n e  d is o rd e r . T h e re  is  p a tc h y  
lo s s  o f  p ig m e n t  f r o m  a f fe c te d  a re a s , in c iu d in g  
th e  s k in  a n d  o v e r iy in g  h a ir  a n d  th e  o ra l m u c o s a . 
V it Í l ig o  is  a is o  a s s o c ia te d  w ith  o th e r  a u to im ­
m u n e  d is e a s e s , p a r t ic u la r ly  o f  th e  th y ro id .

Fingerprints
T h e  e p id e rm a l r id g e s  t h a t  p ro d u c e  ty p ic a l  
p a t te r n s  o n  th e  s u r fa c e  o f  th e  f in g e r t ip s ,  
p a lm s  o f  th e  h a n d , a n d  s o le s  o f  th e  f e e t  a re  
g e n e t ic a l ly  d e te rm in e d .  T h e y  fo rm  th e  b a s is  
f o r  m a n y  s tu d ie s  in  m e d ic a l g e n e t ic s  a n d  c r im ­
in a l in v e s t ig a t io n s  (dermatoglyphics). In c h i l-  
d re n  w it h  c h ro m o s o m a l a b n o rm a li t ie s ,  th e  
e p id e rm a l p a t te r n  o n  th e  h a n d  a n d  f in g e r s  is  
s o m e t im e s  u s e d  a s  a d ia g n o s t ic  to o l.

Clinical Correlates

Keratinization of the Skin 
Ichthyosis, e x c e s s iv e  k e ra t in iz a t io n  o f  th e  s k in , 
is  c h a ra c te r is t ic  o f  a g ro u p  o f  h e re d ita r y  d is o r ­
d e rs  t h a t  a re  u s u a lly  in h e r ite d  a s  a n  a u to s o m a l 
re c e s s iv e  t r a i t  b u t  m a y  a is o  b e  X - lin k e d . In  s e -  
v e re  c a se s , ic h th y o s is  m a y  r e s u lt  in  a g ro te s q u e  
a p p e a ra n c e , a s  in  th e  c a s e  o f  a  harlequin fetus 
(F ig . 21.2).

FIGURE 21.2 Ic h th y o s is  in a h a rle q u in  fe tu s  w ith  m a ss ive  
th ic k e n in g  o f  th e  k e ra tin  laye r, w h ic h  c ra cks  to  fo rm  fis su re s  
b e tw e e n  th ic k e n e d  p laques.
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wall, (2) paraxial mesoderm supplying cells for 
dermis in the back, and (3) neural crest cells 
supplying cells for dermis in the face and neck. 
During the third and fourth months, this tissue, 
the corium (Fig. 2 LID), forms many irregu­
lar papillary structures, the dermal papíllae, 
which project upward into the epidermis. Most 
of these papillae contain a small capillary or a 
sensory nerve end organ. The deeper layer of the 
dermis, the subcorium, contains large amounts 
of fatty tissue.

At birth, the skin is covered by a whitish 
paste, the vernix caseosa, formed by secretions 
from sebaceous glands and degenerated epider- 
mal cells and hairs. It protects the skin against 
the macerating action of amniotic fluid.

■  HAIR____________________________

Hairs begin development as solid epidermal 
proliferations from the germinative layer that 
penetrates the underlying dermis (Fig. 21.3A). 
At their terminal ends, hair buds invaginate. 
The invaginations, the hair papillae, are rap- 
idly filled with mesoderm in which vessels and 
nerve endings develop (Fig. 21.35,C). Soon,

cells in the center of the hair buds become 
spindle-shaped and keratinized, forming the 
hair shañ, whereas peripheral cells become cu- 
boidal, giving rise to the epithelial hair sheath 
(Fig.2L3B,C).

The dermal root sheath is formed by the 
surrounding mesenchyme. A small smooth 
muscle, also derived from mesenchyme, is usu- 
ally attached to the dermal root sheath. The 
muscle is the arrector pÜi muscle. Continuous 
proliferation of epithelial cells at the base of the 
shaft pushes the hair upward, and by the end of 
the third month, the first hairs appear on the 
surface in the región of the eyebrow and upper 
lip. The first hair that appears, lanugo hair, 
is shed at about the time of birth and is later 
replaced by coarser hairs arising from new hair 
follicles.

The epithelial wall of the hair follicle usually 
shows a small bud penetrating the surround­
ing mesoderm (Fig. 21.3C). Cells from these 
buds form the sebaceous glands. Cells from 
the central región of the gland degenerate, 
forming a fat-like substance (sebum) secreted 
into the hair follicle, and from there, they reach 
the skin.

Epiderm is

H a ir bud

Derm al 
root sheath

H air shaft

Ep ithe lia l 
ha ir sheath

H air pap illa  

B lood vesse l

Sebaceous
gland

Sm ooth
m uscle
fibers

B C

FIGURE 21.3 D e ve lo p m e n t o f  a h a ir and  a s e b a ce o u s  g land . A. 4  m o n th s . B. 6 m o n th s . C. N e w born .
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Clinical Correlates

Abnormalitíes of Hair Distribution 
Hypertrichosis [e x c e s s iv e  h a ír in e s s ] is  c a u s e d  
b y  a n  u n u s u a l a b u n d a n c e  o f  h a ir  fo l l ic le s .  It 
m a y  b e  lo c a liz e d  t o  c e r ta in  a re a s  o f  th e  b o d y , 
e s p e c ia l ly  th e  lo w e r  lu m b a r  re g ió n  c o v e r in g  a 
s p in a  b if id a  o c c u lta  d e fe c t  o r  m a y  c o v e r  th e  
e n t i r e  b o d y  (F ig . 21.4 ].

Atrichia, th e  c o n g e n ita l a b s e n c e  o f  h a ir , 
is  u s u a l ly  a s s o c ia te d  w ith  a b n o rm a li t ie s  o f  
o th e r  e c to d e rm a l d e r iv a t iv e s ,  s u c h  a s  te e th  
a n d  n a íls .

FIGURE 21.4 C hild  w ith  h y p e rtr ic h o s is .

■  FINGERNAILS AN DTO EN AILS

By the end of the third month, thickenings in 
the epidermis appear at the tips of the digits to 
form the nail fíelds. From this location, these 
fields mígrate to the dorsal side of each digit and 
grow proximally, forming the nail root, whereas 
prohferation of tissue surrounding each nail field 
creates a shallow depression for each nail. From 
the nail root, epidermis differentiates into fin- 
gernails and toenails that do not reach the tips of 
the digits until the ninth month of development.

■  SWEAT GLANOS___________________

There are two types of sweat glands: eccrine and 
apocrine. Eccrine sweat glands form in the skin 
over most parts of the body beginning as buds 
from the germinative layer of the epidermis. 
These buds grow into the dermis, and their end 
coils to form the secretory parts of the glands. 
Smooth muscle cells associated with the glands

also develop from the epidermal buds. These 
glands function by merocrine mechanisms (exo- 
cytosis) and are involved in temperature control.

Apocrine sweat glands develop anywhere 
there is body hair, including the face, axillae, 
and pubic región. They begin to develop dur- 
ing puberty and arise from the same epidermal 
buds that produce hair follicles. Henee, these 
sweat glands open onto hair follicles instead of 
skin. The sweat produced by these glands con- 
tains lipids, proteins, and pheromones, and 
odor originating from this sweat is due to bac­
teria that break down these products. It should 
be noted that these glands classified as apocrine 
because a portion of the secretory cells is shed 
and incorporated into the secretion.

■  MAM MARY GLANDS_______________

Mammary glands are modified sweat glands 
and first appear as bilateral bands of thick- 
ened epidermis called the mammary lines or
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FIGURE 21.5 A,B- S e c tio n s  th ro u g h  th e  d e v e lo p in g  m a m m a ry  g la n d  a t  th e  th ird  and  e ig h th  m o n th s , 
re s p e c tiv e ly . C. P o s itio n s  o f  a cce sso ry  n ip p le s  [blue Une, m a m m a ry  line).

mammary ridges. In a 7-week embiyo, these 
lines extend on each side of the body from the 
base of the forelimb to the región of the hind 
hmb (Fig. 21.5C). Although the major part of 
each mammary Une disappears shortly after it 
forms, a small portion in the thoracic región 
persists and penetrates the underlying mes­
enchyme (see Fig. 21.5 A ) .  Here it forms 16 to 
24 sprouts, which in turn give rise to small, solid 
buds. By the end of prenatal life, the epithelial

sprouts are canalized and form the lactiferous 
ducts. Initially, the lactiferous ducts open into 
a small epithelial pit (Fig. 21.5B). Shortly after 
birth, this pit is transformed into the nipple by 
proliferation of the underlying mesenchyme. 
At birth, lactiferous ducts have no alveoli and 
therefore no secretory apparatus. At puberty, 
however, increased concentrations of estrogen 
and progesterone stimulate branching from the 
ducts to form alveoh and secretory cells.

Clinical Correlates

Mammary Gland Abnormalities
Polythelia is  a c o n d it io n  in  w h ic h  a c c e s s o ry  

n ip p le s  h a v e  fo rm e d  re s u lt in g  f r o m  th e  p e r -  
s is te n c e  o f  f r a g m e n ts  o f  th e  m a m m a ry  lin e  
(F ig . 21.5C ]. A c c e s s o ry  n ip p le s  m a y  d e v e lo p  
a n y w h e re  a lo n g  th e  o r ig in a l m a m m a ry  lin e  
(F ig . 21.6) b u t  u s u a l ly  a p p e a r  in  th e  a x i l la r y  
re g ió n .

Polymastia o c c u rs  w h e n  a r e m n a n t  o f  th e  
m a m m a ry  lin e  d e v e lo p s  in to  a  c o m p le te  
b re a s t .

Inverted nipple is  a  c o n d it io n  in  w h ic h  th e  
la c t i fe r o u s  d u c ts  o p e n  in to  th e  o r ig in a l 
e p ith e l ia l p i t  t h a t  h a s  fa i le d  t o  e v e r t . FIGURE 21.6 C hild  w ith  b ila te ra l p o ly th e lia  [su p e r- 

n u m e ra ry  n ipp les ].
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S U M M A R Y
The skin and its associated structures, hair, nails, 
and glands are derived from surface ectoderm. 
Melanocytes, which give the skin its color, are 
derived from neural crest cells, which migrate 
into the epidermis. The production of new cells 
occurs in the germinative layer. After moving 
to the surface, cells are sloughed off in the horny 
layer (Fig. 21.1). The dermis, the deep layer of 
the skin, is derived from lateral píate mesoderm 
(limbs and body wall), from dermatomes that 
form from somites in paraxial mesoderm (back), 
and from neural crest cells (face and neck).

Hairs develop from downgrowth of epider- 
mal cells into the underlying dermis. By about

20 weeks, the fetus is covered by downy hair, 
lanugo hair, which is shed at the time of birth. 
Sebaceous glands, sweat glands, and mammary 
glands all develop from epidermal prolifera- 
tions. Supernumerary nipples (polythelia) and 
breasts (polymastia) are relatively common 
(Figs.21.5 and 21.6).

Problems to  Solve
1. A woman appears to have accessory nipples 

in her axilla and on her abdomen bilaterally. 
What is the embryological basis for these 
additional nipples, and why do they occur in 
these locations?
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Answers to Problems

asmm-------------
1. During the process of induction, one group 

of cells or tissues (the inducer) causes another 
group (the responder) to change its fate. The 
responding cells must have the competence to 
respond, which is conferred by a competency 
factor. Most inductive processes during embryo 
development involve epithelial-mesenchymal 
interactions, and these include the kidneys, gut 
derivatives, limbs, and many others.

2. Signaling by fibroblast growth factors (FGFs), 
which are part of the family of growth and 
diíferentiation factors, is by paracrine mecha- 
nisms, and it can be disrupted at many levels. 
For example, even subtle alterations of the 
ligand and/or its receptor can alter signaling 
because of the high degree of specificity be- 
tween these proteins. Such alterations might 
be caused by gene mutations, as, in fact, has 
happened with the FGF receptors, resulting 
in skuU defects (see Chapter 10). Also, if any 
of the proteins in the signaling cascade down- 
stream from receptor activation have been 
altered, then normal signaling may be dis­
rupted. Similarly, modifications of the tran- 
scription factors or their DNA-binding sites 
can alter the quality or quantity of protein 
producís. Fortunately, there is redundancy 
built into the system that can circumvent 
alterations in the pathways. The simplest ex­
ample is the fact that in some cases, one FGF 
protein can substitute for another.

L i . j ! m a n -------------------------------------------

1. The most common cause for abnormal chro- 
mosome number is nondisjunction during 
either meiosis or mitosis. For unknown rea- 
sons, chromosomes fail to separate during 
cell división. Nondisjunction during meio­
sis I or II results in half of the gametes hav- 
ing no copy and half having two copies of a 
chromosome. If fertilization occurs between 
a gamete lacking a chromosome and a normal 
one, monosomy results; if it occurs between 
a gamete with two copies and a normal one,

trisomy results. Trisomy 21 (Down syn- 
drome), the most common numerical abnor- 
mality resulting in birth defects (intellectual 
disability, abnormal facies, heart malforma- 
tions), is usually caused by nondisjunction 
in the mother and occurs most frequently in 
children born to women older than 35 years 
of age, reflecting the fact that the risk of mei- 
otic nondisjunction increases with increasing 
maternal age. Other trisomies that result in 
syndromes of abnormal development involve 
chromosomes 8 , 9, 13, and 18. Monosomies 
involving autosomal chromosomes are fatal, 
but monosomy of the X  chromosome (Turner 
syndrome) is compatible with life. This condi- 
tion is usually (80%) a result of nondisjunc­
tion during meiosis of paternal chromosomes 
and is characterized by infertility, short stat- 
ure, webbing of the neck, and other defects. 
Karyotyping of embryonic cells obtained by 
amniocentesis or chorionic villus biopsy (see 
“Prenatal Diagnosis”in Chapter 9, p. 136) can 
detect chromosome abnormalities prenatally.

2. Chromosomes sometimes break and the pieces 
may create partial monosomies or trisomies or 
become attached (translocated) to other chro­
mosomes. Translocation of part of chromo­
some 21 onto chromosome 14, for example, 
accounts for approximately 4% of cases of 
Down syndrome. Chromosomes may also be 
altered by mutations in single genes. The risk 
of chromosomal abnormalities is increased by 
maternal and paternal age over 35 years.

3. Mosaicism occurs when an individual has 
two or more cell lines that are derived from 
a single zygote but that have different genetic 
characteristics. The diíFerent cell lines may 
arise by mutation or by mitotic nondisjunc­
tion during cleavage, as in some cases of 
Down syndrome.

(BBSSI
1 The role of the corpus luteum is to produce 

hormones essential for preparing the uterus 
for pregnancy and then for maintaining that 
pregnancy until the placenta becomes fully
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functional (approximately the beginning of 
the fourth month). Initially, progesterone 
is the primary hormone produced, and it 
causes the uterus to enter the progestational 
(secretoiy) phase. Later, both estrogen and 
progesterone are produced to maintain preg- 
nancy. The corpus luteum originates from 
the theca interna (derived from ovarían stro- 
mal cells) and from granulosa cells that re- 
main in the ovary after ovulation.

2. The three phases of fertilization are (1) pen- 
etration of the corona radiata, (2) penetration 
of the zona pellucida, and (3) fusión of the 
oocyte and sperm cell membranes. Once fu­
sión occurs, the egg undergoes the cortical and 
zona reactions to prevent polyspermy. Cortical 
granules next to the oocyte plasma membrane 
release lysosomal enzymes that alter the cell 
membrane and the zona pellucida, such that 
additional sperms cannot enter the egg.

3. Infertility occurs in approximately 20% of 
married couples. A major cause of infertility 
in women is blockage of the uterine (fallo- 
pian) tubes caused by scarring from repeated 
pelvic inflammatory disease; in men, the pri­
mary cause is low sperm count. In vitro fer­
tilization (IVF) techniques can circumvent 
these problems, although the success rate 
(approximately 20%) is low.

4. Pelvic inflammatory diseases, such as gonor- 
rhea, are a major cause of occluded oviducts 
(uterine tubes). Although the patient may be 
cured, scarring closes the lumen of the tubes 
and prevents the passage of sperm to the oo­
cyte and of the oocyte to the uterine cavity. 
IVF can overcome the difficulty by fertilizing 
the woman’s oocytes in culture and transfer- 
ring them to her uterus for implantation.

O H B S »
1. The second week is known as the week o f  2s 

because the trophoblast differentiates into 
two layers, the syncytiotrophoblast and cy- 
totrophoblast; the embryoblast differentiates 
into two layers, the epiblast and hypoblast; 
the extraembryonic mesoderm splits into two 
layers, the splanchnic (visceral) and somatic 
(parietal) layers; and two cavities, the amni- 
otic and yolk sac cavities, form.

2. It is not clear why the conceptus is not rejected 
by the maternal system. Recent evidence sug-

gests that secretion of immunosuppressive 
molecules, such as cytokines and proteins, 
and expression of unrecognizable antigens 
of the major histocompatibility complex pro- 
tect the conceptus from rejection. In some 
cases, maternal immunological responses do 
adversely aífect pregnancy, as in some cases 
of autoimmune disease. Thus, patients with 
systemic lupus erythematosus have poor re- 
productive outcomes and histories of múl­
tiple spontaneous abortions. It has not been 
conclusively shown that maternal antibodies 
can cause birth defects.

3. In some cases, trophoblastic tissue is the only 
tissue in the uterus, and embryo-derived cells 
are either absent or present in small numbers. 
This condition is termed a hydatidiform mole, 
which, because of its trophoblastic origin, se­
cretes human chorionic gonadotropin and 
mimics the initial stages of pregnancy. Most 
moles are aborted early in pregnancy, but 
those containing remnants of an embryo may 
remain into the second trimester. If  pieces of 
trophoblast are left behind following sponta­
neous abortion or surgical removal of a mole, 
cells may continué to proliferate and form 
tumors known as invasive moles, or chorio- 
carcinoma. Because early trophoblast devel- 
opment is controlled by paternal genes, it is 
thought that the origin of moles may be from 
fertilization of an ovum without a nucleus.

4. The most likely diagnosis is an ectopic preg­
nancy in the uterine tube, which can be 
confirmed by ultrasound. Implantation in a 
uterine tube results from poor transport of 
the zygote and may be a result of scarring. As 
with Down syndrome, the frequency of ec­
topic pregnancy increases with maternal age 
over 35 years.

a s m ---------------------------------------
1. Unfortunately, consuming large quantities of 

alcohol at any stage during pregnancy may 
adversely aífect embryonic development. In 
this case, the woman has exposed the embryo 
during the third week of gestation (assuming 
that fertilization occurred at the midpoint of 
the menstrual cycle), at the time of gastru- 
lation. This stage is particularly vulnerable 
to insult by alcohol and may result in fetal 
alcohol syndrome (intellectual disability.
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abnormal facies) (see Chapter 9). Although 
fetal alcohol syndrome is most common in 
oífspring of alcoholic mothers, no safe levels 
of blood alcohol concentration have been es- 
tablished for embiyogenesis. Therefore, be- 
cause alcohol causes birth defects and is the 
leading cause of intellectual disability, it is 
recommended that women who are planning 
a pregnancy or who are already pregnant re- 
frain from use of any alcohol.

2. Such a mass is probably a sacrococcygeal 
teratoma. These tumors arise as remnants of 
the primitive streak, usually in the sacral re­
gión. The term teratoma refers to the fact that 
the tumor contains diíferent types of tissues. 
Because it is derived from the streak, which 
contains cells for all three germ layers, it 
may contain tissues of ectoderm, mesoderm, 
or endoderm origin. Such tumors are three 
times as common in female fetuses as in male 
fetuses.

3. The baby has a severe form of caudal dys- 
genesis called sirenomelia (mermaid-like). 
Sirenomelia, which occurs in varying de- 
grees, is probably caused by abnormalities in 
gastrulation in caudal segments. It was ini- 
tially termed caudal regression, but it is clear 
that structures do not regress; they simply 
do not form. Also known as caudal agenesis 
and sacral agenesis, sirenomelia is character- 
ized by varying degrees of flexión, inversión, 
lateral rotation, and occasional fusión of the 
lower limbs; defects in lumbar and sacral ver- 
tebrae; renal agenesis; imperforate anus; and 
agenesis of internal genital structures except 
the testes and ovaries. Its cause is unknown. 
It occurs sporadically but is most frequently 
observed among infants of diabetic mothers.

4. This patient has left-sided laterality sequence 
and should be evaluated for additional de­
fects. Sidedness is established at the time of 
primitive streak formation (gastrulation) and 
is regulated by genes, such as NODAL, and 
PITX2 which become restricted in their ex- 
pression. Partial reversal of left-right asym- 
metry is more often associated with other 
defects than complete asymmetry (situs 
in versus).

5. As you listen to your patient’s request to take 
one of the SSRIs (selective serotonin reup- 
take inhibitors) medications, you remember 
the thalidomide tragedy and its lesson that

women who are planning to get pregnant or 
who already are should beware of taking any 
substance that could be harmñil to their un- 
born baby. Also, you are aware of scientific 
studies showing that serotonin is an impor- 
tant signaling molecule during embryonic 
development, especially for establishing the 
left-right (laterality) axis, and you have read 
the epidemiological literature that establishes 
an association between the SSRIs and birth 
defects. Therefore, you advise your patient 
not to take the drugs. Instead, you try to get 
her involved in an exercise program and 
other social activities that have a similar ef- 
ficacy as the SSRIs for preventing most levels 
of depression. Only in severe cases of anxiety 
and depression might an alternative strategy, 
including medication be advisable.

-------------------------------------------
1. Cells that remain in the epiblast form the ec- 

todermal germ layer. The central región of 
this layer along the embryonic axis differen- 
tiates into the neural píate, and in the third 
and fourth weeks of gestation, the edges of 
this píate begin to elevate and form the neural 
folds. The folds roll up into a tube by fusing 
in the midline dorsally. Closure of the folds 
begins in the cervical región and zippers from 
this point cranially and caudally. Completion 
of the closure process occurs at the end of the 
fourth week of gestation (28 days). The entire 
process of fold formation, elevation, and clo­
sure is called neurulation. Neural tube defects 
occur when the closure process fails in one or 
more regions. If  it fails cranially, the result is 
anencephaly; if caudally, the defect is called 
spina hifida. Seventy percent of these defects 
can be prevented if women take 400 |JLg of 
folie acid daily beginning at least 3 months 
prior to conception and continuing through- 
out pregnancy. Because 50% of pregnancies 
are unplanned, it is recommended that all 
women of childbearing age take a multivita- 
min containing 400 |JLg of folie acid daily.

2 . Neural crest ceUs are ectodermal in origin, aris- 
ing from the edges (crests) of the neural folds. 
In cranial regions, they migrate from the folds 
prior to neural tube closure; whereas in caudal 
regions (spinal cord), they migrate after clo­
sure. BMPs are the key proteins that establish
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the neural fold border by upregulating PAX3. 
PAX3 and other transcription factors then ini- 
tiate a genetic cascade that specifies crest cells. 
Two important components of the cascade are 
the transcription factors F0XD3, which speci­
fies crest cells, and SLUG that promotes crest 
cell migration. Crest cells form many struc- 
tures, including the bones, connective tissues, 
and dermis of the face, cranial nerve ganglia, 
sympathetic and parasympathetic ganglia, 
melanocytes, and conotruncal septa in the 
heart (see Table 6.1, p. 77).

3. Somites form from the paraxial portion of 
the mesodermal germ layer. They first appear 
as segmental blocks of loosely organized me- 
soderm (somitomeres) along the axis of the 
embryo. The cells then undergo an epitheli- 
alization process to form somites that con- 
sist of a ventral portion, the sclerotome, and 
a dorsal portion that has two types of cells: 
the dermatome (central part) and myotome 
(medial and lateral parts). Cells in the myo­
tome regions proliferate and migrate beneath 
the dermatome to form the dermomyotome. 
Eventually, all the cells in the somite lose 
their epithelial characteristics and become 
mesenchymal again. Sclerotome cells migrate 
to form the vertebrae and ribs, myotomes 
form skeletal muscle, and the dermatomes 
form the dermis of the back.

4. Blood vessels form by vasculogenesis, whereby 
cells in blood islands coalesce to form endothe- 
lial tubes, and by angiogenesis, whereby ves­
sels form by sprouting from existing vessels. 
Vascular endothelial growth factor (VEGF) 
stimulates both types of vessel development. 
In some cases, overproliferation of capillar- 
ies causes tumors called hemangiomas, but it 
is not clear whether or not overexpression of 
VEGF is involved in their origin.

5. The gut tube has three divisions: the foregut, 
midgut, and hindgut. The midgut maintains a 
connection to the yolk sac called the vitelline 
(yolk sac) duct, and this structure does not 
cióse completely until later in development. 
The opening into the pharyngeal gut is closed 
by the oropharyngeal membrane that degen- 
erates in the fourth week; the opening into 
the hindgut is closed by the cloacal mem­
brane that degenerates in the seventh week.

6 . Development during the third to eighth 
weeks is critical because this is when cell pop-

ulations responsible for organ formation are 
established and when organ primordia are 
being formed. Early in the third week, gastru- 
lation begins to provide cells that constitute 
the three germ layers responsible for organo­
génesis. Late in the third week, differentiation 
of the central nervous system is initiated, and 
over the next 5 weeks, all of the primordia for 
the major organ systems will be established. 
At these times, cells are rapidly proliferating, 
and critical cell-cell signáis are occurring. 
These phenomena are particularly sensitive 
to disruption by outside factors, such as en- 
vironmental hazards, pharmaceutical agents, 
and drugs of abuse. Thus, exposure to such 
factors may result in abnormalities known as 
birth defects or congenital malformations.

w m m ñ -------------------------------------------

1. Failure of the left pleuroperitoneal membrane 
to cióse the pericardioperitoneal canal on that 
side is responsible for the defect. This canal 
is larger on the left than on the right, closes 
later, and therefore may be more susceptible 
to abnormalities. The degree of hypoplasia 
of the lungs resulting from compression by 
abdominal viscera determines the fate of the 
infant. Treatment requires surgical repair of 
the defect and attempts to correct the malfor- 
mation in útero have been made.

2. The defect is gastroschisis. It occurs because of 
a weakness in the body wall caused by abnor- 
mal closure of the ventral body wall. Because 
the bowel is not covered by the amnion, it 
may become necrotic because of exposure 
to the amniotic fluid. It is also possible for 
the bowel loops to twist around themselves 
(volvulus), cutting off their blood supply 
and producing an infarction. Gastroschisis 
is not associated with genetic abnormalities 
and only 15% have other malformations. 
Therefore, if damage to the bowel is not too 
extensive, survival rates are good.

3. During the fourth week, the septum trans- 
versum, which forms the central tendón of 
the diaphragm, lies opposite cervical seg- 
ments three to five (C3 to C5). As the embryo 
grows and the head fold curves ventrally, the 
position of the septum transversum (dia­
phragm) shifts caudally into the thoracic cav- 
ity. Musculature for the diaphragm is derived
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from the original cervical segments located at 
its site of origin, however. Therefore, because 
muscle cells always carry the nerve from their 
site of origin to wherever they migrate, it is 
the phrenic nerve from C3, C4, and C5 that 
innervates the diaphragm (C3, C4, and C5 
keep the diaphragm alive).

1. An excess of amniotic fluid is called hydram- 
nios or polyhydramnioSy and many times 
(35%) the cause is unknown (idiopathic). 
A high incidence (25%) is also associated 
with maternal diabetes and with birth defects 
that interfere with fetal swallowing, such as 
esophageal atresia and anencephaly.

2. No. She is not correct. The placenta does not 
act as a complete barrier, and many com- 
pounds cross freely, especially lipophilic 
substances, such as toluene and alcohol. 
Furthermore, early in pregnancy, the pla­
centa is not completely developed, and the 
embryo is particularly vulnerable. These early 
weeks are also very sensitive to insult by com- 
pounds such as toluene, which causes toluene 
embryopathy.

( B B S »
1. Neural tube defects, such as spina bifida and 

anencephaly, produce elevated a-fetoprotein 
(AFP) levels, as do abdominal defects, such 
as gastroschisis and omphalocele. Maternal 
serum AFP levels are also elevated, so that 
they may be used as a screen to be confirmed 
by amniocentesis. Ultrasonography is used to 
confirm the diagnosis.

2. Because Down syndrome is a chromosomal 
abnormality resulting most commonly from 
trisomy 21 (see Chapter 2), cells for chromo­
somal analysis can be collected by amniocen­
tesis or chorionic villus biopsy (CVS). CVS 
has the advantage that suííicient cells can 
be obtained immediately to do the analysis, 
whereas cells collected by amniocentesis, 
which is not usually done prior to 14 weeks’ 
gestation, must be cultured for approximately
2 weeks to obtain sufficient numbers. The risk 
of fetal loss following CVS is 1%, which is 
about twice as high as that of amniocentesis.

3. Status of the fetus is critical for managing 
pregnancy, delivery, and postnatal care. Size,

age, and position are important for determin- 
ing the time and mode of delivery. Knowing 
whether birth defects are present is impor­
tant for planning postnatal care. Tests for 
determining fetal status are dictated by ma­
ternal history and factors that increase risk, 
such as exposure to teratogens, chromosome 
abnormalities in either parent, advanced ma­
ternal age, or the birth of a previous infant 
with a birth defect.

4. Factors that influence the action of a terato- 
gen are ( 1) genotype of the mother and con- 
ceptus, (2) dose and duration of exposure 
to the agent, and (3) stage of embryogenesis 
when exposure occurs. Most major malfor- 
mations are produced during the embryonic 
period (teratogenic period), the third to 
eighth weeks of gestation. Stages prior to this 
time, however, including the preimplanta- 
tion period, and after the eighth week (fetal 
period) remain susceptible. The brain, for ex- 
ample, remains sensitive to insult throughout 
the fetal period. No stage of pregnancy is free 
of risk from teratogenic insult.

5. The woman is correct that drugs may be 
teratogenic. Severe hyperthermia such as 
this, however, is known to cause neural tube 
defects (spina bifida and anencephaly) at 
this stage of gestation. Therefore, one must 
weigh the risk of teratogenicity of an anti- 
pyretic agent with a low teratogenic potential, 
such as low-dose aspirin, against the risk of 
hyperthermia. Interestingly, malformations 
have been associated with sauna-induced 
hyperthermia. No Information about exer- 
cise-induced hyperthermia and birth defects 
is available, but strenuous physical activity 
(running marathons) raises body temperature 
significantly and probably should be avoided 
during pregnancy.

6 . Because more than 50% of pregnancies are 
unplanned, all women of childbearing age 
should consume 400 |JLg of folie acid daily as 
a supplement to prevent neural tube defects. 
If  a woman has not been taking folate and is 
planning a pregnancy, she should begin the 
supplement 3 months prior to conception 
and continué throughout gestation. Folie 
acid is nontoxic even at high doses, can pre­
vent up to 70% of neural tube defects, and 
may prevent conotruncal heart defects and 
facial clefts.
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7. The woman’s concerns are valid, as infants of 
insulin-dependent diabetic mothers have an 
increased incidence of birth defects, induding 
a broad spectrum of minor and major anoma- 
lies. Placing the mother under strict metabolic 
control using múltiple insulin injections prior 
to conception and throughout pregnancy, 
significantly reduces the incidence of abnor- 
mahties and aíFords the greatest opportunity 
for a normal pregnancy. A similar scenario 
occurs with women who have phenylketon- 
uria. Strict management of these patients’ 
disease prior to conception and during preg­
nancy virtually eliminates the risk of congeni­
tal defects in the offspring. Both situations 
stress the need for planning pregnancies and 
for avoiding potential teratogenic exposures, 
especially during the first 8 weeks of gestation, 
when most defects are produced.

1. Cranial sutures are fibrous regions between 
flat bones of the skull. Membranous regions 
where more than two bones meet are known 
zs fontanelles, the largest of which is the ante­
rior fontanelle (soft spot). These sutures and 
fontanelles permit (1) molding of the head as it 
passes through the birth canal and (2) growth 
of the brain. Growth of the skull, which contin­
úes after birth as the brain enlarges, is greatest 
during the first 2 years of life. Premature clo- 
sure of one or more sutures (craniosynostosis) 
results in deformities in the shape of the head, 
depending on which sutures are involved. 
Craniosynostosis is often associated with 
other skeletal defects, and evidence suggests 
that genetic factors are important in the cau- 
sation (see Table 10.1, p. 149). Defects of the 
long bones and digits are often associated with 
other malformations and should prompt a 
thorough examination of all systems. Clusters 
of defects that occur simultaneously with a 
common cause are called syndromes, and limb 
anomalies, especially of the radius and digits, 
are common components of such clusters. 
Diagnosis of syndromes is important in deter- 
mining recurrence risks and thus in counseling 
parents about subsequent pregnancies.

2. Formation of the vertebrae is a complex pro- 
cess involving growth and fusión of the cau­
dal portion of one sclerotome with the cranial

portion of an adjacent one. Not surprisingly, 
mistakes occur, and they result in ftisions and 
increases and decreases in the number of ver­
tebrae (Klippel-Feil sequence). In some cases, 
only half a vertebra forms (hemivertebra), re- 
sulting in asymmetry and lateral curvature of 
the spine (scoliosis). HOX (homeobox) genes 
that pattern the vertebra may have mutations 
that cause part of one not to form properly. 
Scoliosis may also be caused by weakness of 
back muscles.

ossmB------------
1. Muscle cells are derived from the ventrolateral 

(VLL) and dorsomedial (DML) lips (edges) 
of the somites. Cells from both regions con­
tribute to formation of the dermomyotome, 
and in addition, some cells from the VLL lips 
migrate across the lateral somitic frontier into 
the parietal layer of lateral píate mesoderm. 
Together, these cells and lateral píate meso­
derm constitute the abaxial mesodermal do- 
main, whereas paraxial mesoderm around the 
neural tube forms the primaxial mesodermal 
domain. Muscles derived from the primaxial 
domain include the back muscles, some neck 
muscles, some muscles of the shoulder girdle, 
and the intercostal muscles. The abaxial do­
main forms the remainder of the axial and 
limb muscles (see Table 11.1, p. 158).

2. There is absence of the pectoralis minor and 
partial or complete absence of the pectoralis 
major muscle. The defect known as Poland 
anomály is the most likely diagnosis. Poland 
anomaly is often associated with shortness of 
the middle digits (brachydactyly) and digi­
tal fiision (syndactyly). Loss of the pectoralis 
major muscle produces litüe or no loss of fiinc- 
tion because other muscles compénsate. The 
defect’s disfiguring characteristics can be quite 
concerning, however, especially in females.

3. Patterning for muscles depends on connec- 
tive tissue that forms from fibroblasts. In the 
head, with its complicated pattern of muscles 
of facial expression, neural crest cells direct 
patterning; in cervical and occipital regions, 
connective tissue from somites directs it; and 
in the body wall and limbs, somatic meso­
derm directs it.

4. Innervation for muscles is derived from the 
vertebral level from which the muscle cells
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origínate, and this relation is maintained re- 
gardless of where the muscle cells migrate. 
Thus, myoblasts forming the diaphragm 
origínate from cervical segments 3, 4, and
5, migrate to the thoracic región, and carry 
their nerves with them.

udEsaa-----------
1. Defects of the long bones and digits are often 

associated with other malformations and 
should prompt a thorough examination of 
all systems. Clusters of defects that occur 
simultaneously with a common cause are 
called syndromes, and hmb anomalies, espe- 
cially of the radius and digits, are common 
components of such clusters. Diagnosis of 
syndromes is important in determining re- 
currence risks and thus in counseling parents 
about subsequent pregnancies.

udBsaa--------------------
1. A four-chambered view is sought in ultra- 

sound scans of the heart. The chambers are 
divided by the atrial septum superiorly, the 
ventricular septum inferiorly, and the en- 
docardial cushions surrounding the atrio- 
ventricular canals laterally. Together, these 
structures form a cross with integrity readily 
visualized by ultrasound. In this case, how- 
ever, the fetus probably has a ventricular 
septal defect, the most commonly occurring 
heart malformation, in the membranous por- 
tion of the septum. The integrity of the great 
vessels should also be checked carefuUy be- 
cause the conotruncal septum dividing the 
aortic and pulmonary channels must come 
into contact with the membranous portion of 
the interventricular septum for this structure 
to develop normally.

2. Because neural crest cells contribute to much 
of the development of the face and to the 
conotruncal septum, these cells have probably 
been disrupted. Crest cells may have failed to 
migrate to these regions, failed to proliferate, 
or may have been killed. Retinoic acid (vita- 
min A) is a potent teratogen that targets neu­
ral crest cells among other cell populations. 
Because retinoids are effective in treating acné, 
which is common in young women of child- 
bearíng age, great care should be employed 
before prescribing the drug to this cohort.

3. Endocardial cushion tissue is essential for 
proper development of these structures. In 
the common atrioventricular canal, the supe­
rior, the inferior, and two lateral endocardial 
cushions divide the opening and contribute 
to the mitral and tricuspid valves in the left 
and right atrioventricular canals. In addi- 
tion, the superior and inferior cushions are 
essential for complete septation of the atria 
by fusión with the septum primum and of 
the ventricles by forming the membranous 
part of the interventricular septum. Cushion 
tissue in the conus and truncus forms the 
conotruncal septum, which spirals down to 
separate the aorta and pulmonary channels 
and to fuse with the inferior endocardial 
cushion to complete the interventricular sep­
tum. Therefore, any abnormality of cushion 
tissue may result in a number of cardiac de­
fects, including atrial and ventricular septal 
defects, transposition of the great vessels, and 
other abnormalities of the outflow tract.

4. In the development of the vascular system for 
the head and neck, a series of arterial arches 
forms around the pharynx. Most of these 
arches undergo alterations, including regres- 
sion, as the original patterns are modified. 
Two such alterations that produce difficulty 
swallowing are (1) double aortic arch, in 
which a portion of the right dorsal aorta (that 
normally regresses) persists between the sev- 
enth intersegmental artery and its junction 
with the left dorsal aorta, creating a vascular 
ring around the esophagus; and (2) right aor­
tic arch, in which the ascending aorta and the 
arch form on the right. If in such cases the 
ligamentum arteriosum remains on the left, 
it passes behind the esophagus and may con- 
strict it.

H2B5SBÍ
1. This infant most likely has some type of tra- 

cheoesophageal atresia with or without a 
tracheoesophageal fístula. The baby cannot 
swallow, and this condition results in polyhy- 
dramnios. The defect is caused by abnormal 
partitioning of the trachea and esophagus by 
the tracheoesophageal septum. These defects 
are often associated with other malforma­
tions, including a constellation of vertebral 
anomalies, anal atresia, cardiac defects, renal
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anomalies, and limb defects known as the 
VACTERL association.

2. Babies born before 7 months of gestation do 
not produce suíRcient amounts of surfactant 
to reduce surface tensión in the alveoli to 
permit normal lung function. Consequently, 
alveoli collapse, resulting in respiratory dis­
tress syndrome. Administration of steroids 
during pregnancy and use of artificial surfac- 
tants have improved the prognosis for these 
infants.

posteriorly, the farther anteriorly the hindgut 
opening shifts, resulting in a higher defect.

-----------------------------------------
1. The baby most likely has some type of esopha- 

geal atresia and/or tracheoesophageal fístula. 
In 90% of these cases, the proximal part of the 
esophagus ends in a blind pouch, and a fís­
tula connects the distal part with the trachea. 
Polyhydramnios results because the baby 
cannot swallow amniotic fluid. Aspiration of 
fluids at birth may cause pneumonía. The de­
fect is caused by an abnormal partitioning of 
the respiratory diverticulum from the foregut 
by the tracheoesophageal septum.

2. The most likely diagnosis is an omphalocele 
resulting from a failure of herniated bowel 
to return to the abdominal cavity at 10 to 
12 weeks of gestation. Because the bowel 
normally herniates into the umbilical cord, 
it is covered by amnion. This situation is in 
contrast to gastroschisis, in which loops of 
bowel herniate through an abdominal wall 
defect and are not covered by amnion. The 
prognosis is not good because 25% of in­
fants with omphalocele die before birth, 
40% to 88% have associated anomahes, and 
approximately 15% show chromosomal ab- 
normalities. If  no other complicating defects 
are present, surgical repair is possible, and in 
experienced hands, survival is 100%.

3. This infant has an imperforate anus with 
a rectovaginal fístula, part of an anorectal 
atresia complex. She appears to have a high 
anorectal atresia because the fístula con­
nects the rectum to the vagina, accounting 
for meconium (intestinal contents) in this 
structure. The defect was probably caused by 
a cloaca that was too small, so that the cloacal 
membrane was shortened posteriorly. This 
condition causes the opening of the hindgut 
to shift anteriorly. The smaller the cloaca is

1. The three systems to form are the proneph- 
ros, mesonephros, and metanephros—all de- 
rivatives of the intermedíate mesoderm. They 
form in succession in a cranial-to-caudal se- 
quence. Thus, the pronephros forms in cervi­
cal segments at the end of the third week but 
is rudimentary and rapidly regresses. The me­
sonephros, which begins early in the fourth 
week, extends from thoracic to upper lumbar 
regions. It is segmented in only its upper por- 
tion and contains excretory tubules that con- 
nect to the mesonephric (Wolffian) duct. This 
kidney also regresses but may function for a 
short time. It is more important because the 
tubules and collecting ducts contribute to the 
genital ducts in the male. Collecting ducts near 
the testes form the eíferent ductules, whereas 
the mesonephric duct forms the epididymis, 
ductus deferens, and ejaculatory duct. In 
the female, these tubules and ducts degener- 
ate because maintaining them depends on 
testosterone production. The metanephros 
lies in the pelvic región as a mass of unseg- 
mented mesoderm (metanephric blastema) 
that forms the defínitive kidneys. Ureteric 
buds grow from the mesonephric ducts and, 
on contact with the metanephric blastema, 
induce it to differentiate. The ureteric buds 
form collecting ducts and ureters, whereas 
the metanephric blastema forms nephrons 
(excretory units), each of which consists of a 
glomerulus (capillaries) and renal tubules.

2. Both the ovarles and testes develop in the ab­
dominal cavity from intermedíate mesoderm 
along the urogenital ridge. Both also descend 
by similar mechanisms from their original 
position, but the uterus prevents migration of 
the ovary out of the abdominal cavity. In the 
male, however, a mesenchymal condensa- 
tion, the gubernaculum (which also forms in 
females but attaches to the uterus), attaches 
the caudal pole of the testis, fírst to the ingui­
nal región and then to the scrotal swellings. 
Growth and retraction of the gubernaculum, 
together with increasing intra-abdominal 
pressure, cause the testis to descend. Failure 
of these processes causes undescended testes.
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known as cryptorchidism. Approximately 
2% to 3% of term male infants have an un- 
descended testicle, and in 25% of these, the 
condition is bilateral. In many cases, the un- 
descended testis descends by age 1. If  it does 
not, testosterone administration (because 
this hormone is thought to play a role in de­
scent) or surgery may be necessary. Fertility 
may be aífected if the condition is bilateral.

3. Male and female external genitalia pass 
through an indifferent stage during which it 
is impossible to diíferentiate between the two 
sexes. Under the influence of testosterone, 
these structures assume a masculine appear- 
ance, but the derivatives are homologous be­
tween males and females. These homologies 
include (1) the clitoris and penis, derived 
from the genital tubercle; (2) the labia majora 
and scrotum, derived from the genital swell- 
ings that fuse in the male; and (3) the labia 
minora and penile urethra, derived from the 
urethral folds that fuse in the male. During 
early stages, the genital tubercle is larger in 
the female than in the male, and this has led 
to misidentification of sex by ultrasound.

4. The uterus is formed by fusión of the lower 
portions of the paramesonephric (Müllerian) 
ducts. Numerous abnormalities have been de- 
scribed; the most common consists of two uter- 
ine horns (bicornuate uterus). Complications 
of this defect include difficulties in becom- 
ing pregnant, high incidence of spontaneous 
abortion, and abnormal fetal presentations. In 
some cases, a part of the uterus has a blind end 
(rudimentary horn), causing problems with 
menstruation and abdominal pain.

i i m m B --------------------
1. Neural crest cells are important for craniofa- 

cial development because they contribute to so 
many structures in this región. They form aU 
of the bones of the face and the anterior part of 
the cranial vault and the connective tissue that 
provides patterning of the facial muscles. They 
also contribute to cranial nerve ganglia, me­
ninges, dermis, odontoblasts, and stroma for 
glands derived from pharyngeal pouches. In 
addition, crest ceUs from the hindbrain región 
of the neural folds migrate ventrally to particí­
pate in septation of the conotruncal región of 
the heart into aortic and pulmonary vessels.

Unfortunately, crest cells appear to be vulner­
able to a number of compounds, including al­
cohol and retinoids, perhaps because they lack 
catalase and superoxide dismutase enzymes 
that scavenge toxic free radicals. Many cra- 
niofacial defects result from insults on neural 
crest cells and may be associated with cardiac 
abnormalities because of the contribution of 
these cells to heart morphogenesis.

2. The child may have DiGeorge anomaly, 
which is characterized by these types of cra- 
niofacial defects and partial or complete ab- 
sence of thymic tissue. Loss of thymic tissue 
compromises the immune system, resulting 
in numerous infections. Damage to neural 
crest cells is the most likely cause of the se- 
quence because these cells contribute to de­
velopment of all of these structures, including 
the stroma of the thymus. Teratogens, such 
as alcohol, have been shown to cause these 
defects experimentally.

3. Children with midline clefts of the lip often 
have intellectual disabilities. Median clefts 
are associated with loss of other midline 
structures, including those in the brain. In 
its extreme form, the entire cranial midline 
is lost, and the lateral ventricles of the cere­
bral hemispheres are fiised into a single ven- 
tricle, a condition called holoprosencephaly. 
Midline clefts, induced as the cranial neural 
folds begin to form (approximately days 19 
to 21), result from the loss of midline tissue 
in the prechordal píate región.

4. The child most likely has a thyroglossal cyst 
that results from incomplete regression of the 
thyroglossal duct. These cysts may form any- 
where along the line of descent of the thyroid 
gland as it migrates from the región of the fo­
ramen cecum of the tongue to its position in 
the neck. A cyst must be diíferentiated from 
ectopic glandular tissue, which may also re- 
main along this pathway.

HHBSa»
1. Cranial and spinal nerves are homologues, 

but they diífer in that cranial nerves are much 
less consistent in their composition. Motor 
neurons for both lie in basal plates of the 
central nervous system; and sensory ganglia, 
derived from the neural crest, lie outside the 
central nervous system. Fibers from sensory
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neurons synapse on neurons in the alar plates 
of the spinal cord and brain. Three cranial 
nerves (I, II, and VIII) are entirely sensory; 
four (IV, VI, XI, and XII) are entirely motor; 
three (VII, IX, and X) have motor, sensory, 
and parasympathetic fibers; and one (III) 
has only motor and parasympathetic com- 
ponents. In contrast, each spinal nerve has 
motor and sensory fibers.

2. The components that come together to form a 
spinal nerve are the dorsal and ventral roots, 
which contain sensory (aíFerent) and motor 
(eíferent) ñbers, respectively. Cell bodies for 
motor neurons are located in the ventral horns 
of the spinal cord, whereas those of sensory 
neurons reside outside of the spinal cord in 
dorsal root ganglia and are derivatives of neu- 
ral crest cells. Therefore, spinal nerves contain 
both motor and sensory fibers. Each spinal 
nerve is very short and divides almost imme- 
diately at each intervertebral foramen into a 
dorsal primary ramus (to back muscles) and a 
ventral primary ramus (to limb and body wall 
muscles). Each of these rami is a mixed nerve 
containing both motor and sensory fibers.

3. A spinal tap is performed between vertebra 
L4 and vertebra L5 because the spinal cord 
ends at the L2 to L3 level. Thus, it is possi- 
ble to obtain cerebrospinal fluid at this level 
without damaging the cord. The space is cre- 
ated because after the third month, the cord, 
which initially extended the entire length of 
the vertebral column, does not lengthen as 
rapidly as the dura and vertebral column do, 
so that in the adult, the spinal cord ends at 
the L2 to L3 level.

4. The embryological basis for most neural tube 
defects is inhibition of closure of the neural 
folds at the cranial and caudal neuropores. 
In turn, defects occur in surrounding struc- 
tures, resulting in anencephaly, some types 
of encephaloceles, and spina bifida cystica. 
Severe neurological déficits accompany ab- 
normalities in these regions. Neural tube 
defects, which occur in approximately 1 in 
1,500 births, may be diagnosed prenatally 
by ultrasound and findings of elevated lev- 
els of a-fetoprotein in maternal serum and 
amniotic fluid. Recent evidence has shown 
that daily supplements of 400 |ig of folie acid 
started 3 months prior to conception prevent 
up to 70% of these defects.

5. This condition, hydrocephalus, results from 
a blockage in the flow of cerebrospinal fluid 
from the lateral ventricles through the fo- 
ramina of Monro and the cerebral aqueduct 
into the fourth ventricle and out into the sub- 
arachnoid space, where it would be resorbed. 
In most cases, blockage occurs in the cerebral 
aqueduct in the midbrain. It may result from 
genetic causes (X-linked recessive) or viral 
infection (toxoplasmosis, cytomegalovirus).

6. The autonomic nervous system is composed 
of the sympathetic and parasympathetic sys- 
tems. The sympathetic portion has its pregan- 
glionic neurons located in the intermedíate 
horn of the spinal cord from T I to L2. The 
parasympathetic portion has a craniosacral 
origin with its preganglionic neurons in the 
brain and spinal cord (S2 to S4). The cranial 
outflow is carried by cranial nerves III, VII, 
IX, and X. Postganglionic cell bodies for both 
systems are derived from neural crest cells.

U d M O -------------------------------------
1. A placode is a región of cuboidal ectoderm 

that thickens by assuming a columnar shape. 
The otic placodes form on both sides of the 
hindbrain and then invaginate to form otic 
vesicles. Placodes give rise to sensory organs, 
and the otic placodes are no exception. Thus, 
from the otic vesicle, tubular outpocketings 
form and diíferentiate into the saccule, utri- 
cle, semicircular canals, and the endolym- 
phatic and cochiear ducts. Together, these 
structures constitute the membranous laby- 
rinth of the internal ear.

2. The tympanic (middle ear) cavity and audi- 
tory tube are derivatives of the first pharyn- 
geal pouch and are lined by endoderm. The 
pouch expands laterally to incorpórate the 
ear ossicles and create the middle ear cavity, 
whereas the medial portion lengthens to form 
the auditory tube that maintains an open 
connection to the pharynx. The tympanic 
membrane (eardrum) forms from tissue sep- 
arating the first pharyngeal pouch from the 
first pharyngeal cleft. It is lined by endoderm 
internally and ectoderm externally with a 
thin layer of mesenchyme in the middle.

3. Microtia involves defects of the external ear 
that range from small but well-formed ears 
to absence of the ear (anotia). Other defects
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occur in 20% to 40% of children with micro- 
tia or anotia, including the oculoauriculo- 
vertebral spectrum (hemifacial microsomia), 
in which case the craniofacial defects may 
be asymmetrical. Because the external ear is 
derived from hillocks on the first two pha- 
ryngeal arches, which are largely formed by 
neural crest cells, this cell population plays a 
role in most external ear malformations.

1. The lens forms from a thickening of ecto- 
derm (lens placode) adjacent to the optic 
cup. Lens induction may begin very early, 
but contact with the optic cup plays a role 
in this process as well as in maintenance and 
diíFerentiation of the lens. Therefore, if the 
optic cup fails to contact the ectoderm or if 
the molecular and cellular signáis essential 
for lens development are disrupted, a lens 
will not form.

2. Rubella is known to cause cataracts, mi- 
crophthalmia, congenital deafness, and car- 
diac malformations. Exposure during the 
fourth to eighth week places the oífspring at 
risk for one or more of these birth defects.

3. As the optic cup reaches the surface ecto­
derm, it invaginates, and along its ventral 
surface, it forms a fissure that extends along 
the optic stalk. It is through this fissure that

the hyaloid artery reaches the inner chamber 
of the eye. Normally, the distal portion of the 
hyaloid artery degenerates, and the choroid 
fissure closes by fusión of its ridges. If this fu­
sión does not occur, colobomas occur. These 
defects (clefts) may occur anywhere along 
the length of the fissure. If  they occur distally, 
they form colobomas of the iris; if they occur 
more proximally, they form colobomas of the 
retina, choroid, and optic nerve, depending 
on their extent. Mutations in PAX2 can cause 
optic nerve colobomas and may be respon- 
sible for other types as well. Also, mutations 
in this gene have been linked to renal defects 
and renal coloboma syndrome.

1. Mammary gland formation begins as bud- 
ding of epidermis into the underlying mes- 
enchyme. These buds normally form in the 
pectoral región along a thickened ridge of 
ectoderm, the mammary or milk line. This 
line or ridge extends from the axilla into the 
thigh on both sides of the body. Occasionally, 
accessory sites of epidermal growth occur, 
so that extra nipples (polythelia) and extra 
breasts (polymastia) appear. These acces­
sory structures always occur along the milk 
line and usually in the axillary región. Similar 
conditions also occur in males.
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Surgery, University of Virginia.

F i g u r e  1 7 .2 1 C Courtesy of Prof. Shigehito Yamada, 
MD, PhD, Congenital Anomaly Research Center, 
Kyoto University Gradúate School of Medicine, 
Japan.

F i g u r e  i 7 . 2 2 C , D  Courtesy of Prof. Shigehito Yamada, 
MD, PhD, Congenital Anomaly Research Center, 
Kyoto University Gradúate School of Medicine, 
Japan.

F i g u r e  1 7 .2 3C Courtesy of Prof. Shigehito Yamada, 
MD, PhD, Congenital Anomaly Research Center, 
Kyoto University Gradúate School of Medicine, 
Japan.

F i g u r e  i 7 . 2 9 A , D  Courtesy of Dr. David D. Weaver, 
Department of Medical and Molecular Genetics, 
Indiana University School of Medicine.

F i g u r e  1 7 .30A  Courtesy of Prof Shigehito Yamada, 
MD, PhD, Congenital Anomaly Research Center, 
Kyoto University Gradúate School of Medicine, Japan.

F i g u r e  i 7 . 3 o B , C  Courtesy of Dr. Roger Stevenson, 
Greenwood Genetic Center, Greenwood, SC.

F i g u r e  1 7 . 3 4  Reprinted with permission from Moore 
KL, Dalley A F . Clinicálly O riented A natom y. 5th ed. 
Philadelphia, P A : Lippincott Williams &  WiUdns.

F i g u r e  1 8 . 2 D  Courtesy of Dr. K. W. Tosney, 
Molecular, Cellular, and Developmental Biology 
Department, University of Michigan.

F i g u r e  1 8 . 6 B  Courtesy of Dr. K . W. Tosney, Molecular, 
Cellular, and Developmental Biology Department, 
University of Michigan.

F i g u r e  1 8 . 1 6  Courtesy of Dr. Roger Stevenson, 
Greenwood Genetic Center, Greenwood, SC.

F i g u r e  i 8 .3 2 A,B Redrawn from Rubenstein JLR, 
Beachy PA. Patterning of the embryonic forebrain. 
Curr Opin N eurobiol 1998;8:18-26.

F i g u r e  18 .34  Courtesy of Dr. Roger Stevenson, 
Greenwood Genetic Center, Greenwood, SC.

F i g u r e  18 .36  Courtesy of Dr. Roger Stevenson, 
Greenwood Genetic Center, Greenwood, SC.

F i g u r e  i 8 .3 7 A,B Courtesy of Dr. Roger Stevenson, 
Greenwood Genetic Center, Greenwood, SC.

F i g u r e  18 .38  Courtesy of Dr. J. Warkany. Reprinted 
with permission from Warkany J. Congenital 
M alform ations. Chicago, IL: Year Book Medical 
Publishers; 1971.

F i g u r e  18 .39  Courtesy of Dr. David D. Weaver, 
Department of Medical and Molecular Genetics, 
Indiana University School of Medicine.

F i g u r e  18 .42A 3  Reprinted with permission from 
Moore KL, Dalley AF. Clinicálly O riented Anatom y. 
5th ed. Philadelphia, PA: Lippincott Williams & 
WiUdns; 2006.

F i g u r e  19 .8  Reprinted with permission from Moore 
KL, Dalley AF. Clinicálly O riented A natom y. 5th ed. 
Philadelphia, PA: Lippincott Williams &  Wilkins; 
2006.

F i g u r e  19 .10 B Courtesy of Dr. E. Blechschmidt, 
Department of Anatomy, University o f G'ttingen.

F i g u r e  19 .1  lA -D  Courtesy of Dr. David D. Weaver, 
Department of Medical and Molecular Genetics, 
Indiana University School of Medicine.

F i g u r e  20 .2D,E Courtesy of Dr. K. W. Tosney, 
Molecular, Cellular, and Developmental Biology 
Department, University of Michigan.

F i g u r e  2 0 .1 1  Courtesy of Dr. David D. Weaver, 
Department of Medical and Molecular Genetics, 
Indiana University School of Medicine.

F i g u r e  2 0 .12  Courtesy of Dr. David D. Weaver, 
Department of Medical and Molecular Genetics, 
Indiana University School of Medicine.

F i g u r e  2 1 .2  Courtesy of Dr. Roger Stevenson, 
Greenwood Genetic Center, Greenwood, SC.

F i g u r e  2 1 .4  Courtesy of Dr. Roger Stevenson, 
Greenwood Genetic Center, Greenwood, SC.

F i g u r e  2 1.6  Courtesy of Dr. Roger Stevenson, 
Greenwood Genetic Center, Greenwood, SC.



Glossary of Key Terms

A baxial dom ain Mesodermal domain composed of 
the parietal layer o f lateral píate mesoderm and 
somite ceUs from the myotome and sclerotome 
regions that migrate across the lateral somitic 
frontier.

Acrosom e reaction Release o f enzymes from the 
acrosome on the head o f sperm that assists in sperm 
penetration of the zona pellucida. Zona proteins 
induce the reaction following sperm binding.

Adenohypophysis Anterior portion o f the pituitary 
derived from Rathke pouch.

A lar plates Sensory area in the dorsal región o f the 
spinal cord and brain.

Allantéis Vestigial structure that serves as a respiratory 
and waste storage organ for avian embryos. It 
extends from the ventral región o f the urogenital 
sinus to the umbilicus. Later, its distal portion, 
called the urachus, becomes a fibrous cord and 
forms the median umbilical ligament. I f  it remains 
patent, then it m ay form a urachal fístula or cyst in 
this región.

Alternativa splicing Process o f removing (“splicing 
out” ) introns to create different proteins from the 
same gene.

A lveolar cells Cells lining the alveoli. Type I ceUs are 
involved in gas exchange. Type II cells produce 
surfactant.

Am elia Complete absence o f a limb.
Am niocentesis Procedure used to withdraw amniotic 

fluid for analysis o f factors, such as oe-fetoprotein 
(AFP) and cells (chromosomes), which provide 
information about the status o f the fetus.

A m niochorionic m embrane Membrane formed 
when expansión o f the amniotic cavity obliterates 
the chorionic cavity causing the amnion to 
contact the chorion and the two to fuse. The 
amniochorionic membrane serves as a hydrostatic 
wedge during the initiation o f labor.

A m nion Membrane derived from the epiblast that 
surrounds the fluid-fílled amniotic cavity around 
the embryo and fetus. The fluid cushions the 
fetus and forms a hydrostatic wedge to assist with 
dilation o f the cervix during labor. The fluid itself 
can be used for analysis o f  fetal well-being.

Am niotic bands Pieces o f amnion that tear loose 
and can wrap themselves around digits and limbs 
causing constrictions and amputations or can be 
swallowed by the fetus causing disruptions in facial 
development. The origin o f bands is unknown.

Anencephaly Neural tube defect in which the 
cranial neural folds fail to cióse, leading to tissue 
degeneration and little or no formation o f higher 
brain centers, cerebral cortex, etc. The abnormality 
is lethal, but 70% o f these defects can be prevented 
by daily maternal use o f 400 |xg o f folie acid 
beginning 2 to 3 months prior to conception and 
continuing throughout pregnancy.

Angiogenesis Formation of blood vessels by sprouting 
from existing vessels.

Annulus fibrosis Outer ring o f fibrous tissue in an 
intervertebral disc.

Anterior visceral endoderm (AVE) Collection of 
endoderm ceUs at the cranial end of the bilaminar 
disc responsible for inducing the head región 
through secretion o f transcription factors, including 
0 T X 2 , L IM l, and H E SX l.

Anti-m üllerian horm one Another term for 
müllerian-inhibiting substance produced by 
Sertoli cells that causes regression o f the müllerian 
(paramesonephric) ducts in males.

A ortic arch Branch from the aortic sac to the dorsal 
aorta traveling in the center o f each pharyngeal 
arch. Initially, there are five pairs, but these undergo 
considerable remodehng to form deflnitive 
vascular patterns for the head and neck, aorta, and 
pulmonary circulation.

Apical ectoderm al ridge (AER) Layer o f thickened 
ectoderm at the distal tip o f the limb that Controls 
outgrowth o f the limb by maintaining a rapidly 
proliferating population o f adjacent mesoderm 
cells, called the progress zone.

Apoptosis Programmed cell death, for example, 
between the digits.

Atresia Congenital absence o f  an opening or lumen, 
for example, gut atresia.

Autonom ic nervous system Composed o f  the 
sympathetic and parasympathetic nervous systems 
that control smooth muscle and glands.

B

Basa] plates Motor area in the ventral portion o f  the 
spinal cord and brain.

Bladder exstrophy Ventral body wall defect caused 
by lack o f closure o f the lateral body wall folds 
in the pelvic región resulting in protrusion o f the 
bladder through the defect.

Blastocyst Stage o f embryogenesis at the time 
o f  implantation where outer trophoblast cells 
form a fluid-fllled sphere with a small group
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o f embryoblast cells, the inner cell mass, at one 
pole.

Bone morphogenetic proteins (BMPs) Members of 
the transforming growth factor p family that serve 
as signal molecules for a number o f morphogenetic 
events, including dorsalizing the central nervous 
system, participating in bone formation, etc.

Bowm an’s capsule Cup-shaped structure at the end 
o f each proximal convoluted tubule that partially 
surrounds a glomerulus.

Brachycephaly Type o f craniosynostosis in which 
the coronal sutures cióse prematurely resulting in 
a tall, short head shape.

Brachydactyly Short digits.
Brain vesicles Once the neural tube closes, expanded 

spaces in the brain fiU with fluid to form three 
primary brain vesicles: the prosencephalon 
(forebrain); mesencephalon (midbrain); and 
rhombencephalon (hindbrain). These three 
primary vesicles form five definitive vesicles: The 
prosencephalon divides into the telencephalon and 
diencephalon; the mesencephalon does not divide; 
and the rhombencephalon forms the metencephalon 
and myelencephalon.

Brainstem  “Lower” centers o f the brain, including 
the myelencephalon, pons o f the metencephalon, 
and the mesencephalon.

Capacitation A  period o f sperm conditioning in the 
female reproductive tract lasting about 7 hours 
that is required for sperm to be able to fertilize an

e g g -
Cardiac looping Bending o f the heart tube positions 

the heart in the left thoracic región and creates the 
“typical” heart shape with the atria posterior to the 
ventricles.

Cardinal veins System o f anterior, posterior, and 
common cardinal veins that drain the head and 
body o f the embryo in the late third and early 
fourth weeks.

Caudal dysgenesis Also caUed sirenomelia or 
mermaid syndrome, it is caused by insufficient 
production o f mesoderm by the primitive streak. 
Consequently, there are not enough ceUs to form 
the lower part o f the body so that the legs are 
fused. Renal agenesis is usuaUy the cause o f death. 
The defects are most often observed in infants 
from insulin-dependent diabetics.

Cerebral aqueduct (o f Sylvius) Lumen o f the 
mesencephalon that connects the third and fourth 
ventricles. It is often the site for abnormalities that 
impede the flow o f cerebrospinal fluid and cause 
hydrocephalus.

Chondrocranium  Part o f the neurocranium that 
forms the base o f the skull and arises by flrst

establishing cartilage models for the bones 
(endochondral ossification).

Chorion Multilayered structure consisting o f the 
somatic layer o f extraembryonic mesoderm, 
cytotrophoblast, and syncytiotrophoblast. It 
contributes the fetal portion o f the placenta, 
including the villi and viUus lakes.

Chorion frondosum  (leafy chorion) Embryonic side 
o f the chorion, where vüli form.

Chorion laeve (smooth chorion) Abembryonic 
side of the chorion, where villi regress, leaving a 
smooth surface.

Chorionic cavity Space formed between the 
extraembryonic mesoderm lining the 
cytotrophoblast (somatic extraembryonic 
mesoderm) and that surrounding the yolk sac and 
embryo (splanchnic extraembryonic mesoderm). 
The chorionic cavity wül eventually be obliterated 
by expansión o f the amniotic cavity and fusión of 
the amnion with the chorion.

Choroid plexuses Vascularized structures formed 
in the lateral, third, and fourth ventricles that 
produce cerebrospinal fluid.

Cloaca Com m on chamber for the hindgut and 
urinary systems. Its anterior portion forms the 
urogenital sinus, and its posterior portion forms 
the anus.

Cloacal membrane (píate) Membrane formed at the 
caudal end o f the embryo from adhesión between 
epiblast and hypoblast ceUs. Later, it covers the 
cloaca and eventually breaks down to form 
openings into the urogenital sinus and anus.

Colobom a Defect in the eye due to incomplete 
closure o f the optic flssure. UsuaUy, these defects 
are restricted to the iris.

Com paction Process whereby cells o f the mórula 
stage form tight junctions to seal themselves in 
preparation for forming and pumping fluid into 
the blastocyst cavity.

Connecting stalk Mesodermal connection that 
connects the embryo to the placenta. It contains 
the allantois and umbilical vessels and will be 
incorporated into the umbüical cord with the yolk 
sac (viteUine) stalk (duct).

Congenital malformation Synonymous with the term 
birth  defect, it refers to any structural, behavioral, 
functional, or metabolic disorder present at birth.

Cotyledons Compartments ( 15  to 20) in the placenta 
formed when decidual septa grow into the 
intervülous spaces. These septa never reach the 
chorionic píate so that there is communication 
between cotyledons.

Cranial nerves (CNs) Twelve pairs ofnerves associated 
with the brain, with all but two (the olfactory and 
optic) originating from the brainstem.

Craniosynostosis Premature closure o f one or more 
cranial sutures, leading to an abnormally shaped
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skull. A  major cause is mutations in fibroblast 
growth factor receptors (FGFRs).

Crista termínalis Ridge o f tissue in the right atrium 
between the original trabeculated part o f the right 
atrium and the smooth-walled part derived from 
the sinus venosus.

Cryptorchidism  Failure o f one or both testes to 
descend to the scrotum.

Cytotrophoblast Proliferative inner layer o f the 
trophoblast.

Deform ations Altered development o f structures 
caused by mechanical forces, for example, clubfeet 
resulting from too httle room in the amniotic 
cavity.

Derm atom e Dorsal portion o f each somite that forms 
the dermis o f the skin o f the back. Dermatomes are 
segmented and supplied by spinal nerves from the 
segments at which they originated. This segmental 
pattern is maintained as they migrate over the 
body. Thus, each región that they occupy on the 
skin is also called a dermatome and is innervated 
by the same spinal nerve that originaUy supplied 
the dermatome región o f the somite.

Diaphysis Shaft o f the long bones.
Diencephalon Derived from the caudal portion 

o f the prosencephalon (forebrain) and forms 
the thalamus, hypothalamus, posterior lobe of 
the pituitary, optic stalks (nerves), and other 
structures.

Dihydrotestosterone Converted from testosterone 
and responsible for the differentiation o f the 
mesonephric duct and external genitalia.

Diploid The normal chromosome complement 
present in somatic cells. In these ceUs, chromosomes 
appear as 23 homologous pairs to form the diploid 
number o f 46.

Disruptions Term used to describe birth defects 
resulting from destructive processes that alter 
a structure after it had formed normaUy, for 
example, vascular accidents that cause bowel 
atresias and amniotic bands that cause limb or 
digit amputations.

Dizygotic twins Twins formed from two eggs, the 
most common form of twinning (66%).

D orsal mesentery Double layer o f peritoneum 
suspending the gut tube from the dorsal body waU 
from the lower end o f the esophagus to the rectum. 
Later, as the gut grows and rotates, some parts of 
the dorsal mesentery are lost as portions o f the gut 
fuse to the posterior body waU, that is, parts of the 
duodenum and colon.

D orsal prim ary ramus Branch o f a spinal nerve that 
innervates intrinsic back muscles, derived from 
primaxial muscle ceUs, and skin over the back.

D orsal root Sensory fibers passing from a dorsal root 
ganglion to the spinal cord.

Dysm orphology Study o f the causes, prognoses, 
treatment, and prevention o f birth defects. Usually, 
a dysmorphologist is a clinical geneticist in a 
genetics department.

Ectoderm  One o f the three basic germ layers that 
forms skin, the central nervous system, hair, and 
many other structures.

Ectopia cordis Ventral body wall defect resulting 
from lack o f closure o f the lateral body wall folds in 
the thoracic región causing the heart to lie outside 
the thoracic cavity.

Ectopic Something that is not in its normal position, 
for example, an embryo’s implantation site.

Ectrodactyly Missing digits.
EfFerent ductules Tubules that connect the rete testis 

to the mesonephric duct for the passage o f sperm 
from the seminiferous tubules to the epididymis. 
The tubules are derived from nephric tubules of 
the mesonephric kidney.

Em bryogenesis Another term for organogénesis, 
meaning the period o f organ formation from 
approximately the third to eighth weeks after 
fertilization.

Endocardial cushions Structures consisting o f loose 
connective tissue covered by endothelium that are 
responsible for most septation processes occurring 
in the heart.

Endochondral ossifícation Mechanism for forming 
bone by first establishing a cartilaginous model 
followed by ossification. This type o f bone 
formation is characteristic o f the bones o f the 
limbs and base o f the skull.

Endoderm  One o f the three basic germ layers that 
form the gut and its derivatives.

Enhancers Regulatory elements o f D NA that activate 
utilization o f promoters, control promoter 
efficiency, and regúlate the rate o f transcription.

Epiblast Dorsal (top) layer o f cells comprising the 
bilaminar germ disc during the second week of 
development. The hypoblast forms the ventral 
layer. A ll tissues o f the embryo are derived from 
the epiblast.

Epibranchial placodes Four thickened regions of 
ectoderm lying dorsal to the pharyngeal arches 
that form sensory ganglia for cranial nerves V, V II, 
IX , andX .

Epididym is Highly convoluted región derived from 
the mesonephric duct and used for sperm storage.

Epiphyseal píate Cartilaginous región between 
the diaphysis and epiphysis o f the long bones 
that continúes to produce bone growth by 
endochondral ossification untü the bones have
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acquired their full length. Then these plates 
disappear (cióse).

Epiphysis E n dofth e lon gb on es.
Epiploic foram en (o f W inslow) Opening between 

the lesser and greater sacs in the abdominal cavity 
located at the free margin o f the lesser omentum 
between the duodenum and the liver. In its ventral 
border He the common bile duct, hepatic artery, 
and portal vein (the portal triad).

Epithelial-mesenchymal interactions Process whereby 
virtually every oi^an is formed. Examples include 
limb ectoderm and underlying mesenchyme, gut 
endoderm and surrounding mesenchyme, ureter 
epithelium and metanephric mesenchyme, etc. 
Signáis pass back and forth between these ceU types 
to regúlate organ diíFerentiation.

Exon Región o f a gene that can be transcribed into 
a protein.

Falciform  ligam ent Part o f the ventral mesentery 
that attaches the liver to the ventral body wall.

Fibroblast growth factors (FGFs) Signal proteins in 
a large famüy having over 15  members. They are 
involved in a number o f embryological events, 
including formation o f the sutures and bones of 
the skuU. Mutations in their receptors (FGFRs) 
cause a variety o f craniofacial abnormalities, 
including many forms o f craniosynostosis.

Fístula An abnormal passageway.
Folie acid A  “B” vitamin that can prevent 

approximately 70% o f neural tube defects i f  taken 
as a 400-(xg supplement by mothers beginning 2 
to 3 months prior to conception and continuing 
throughout pregnancy.

Fontanelle Wide spaces in the skull created where 
more than two bones meet. The largest is the 
anterior fontanelle, sometimes called the “soft 
spot,” located where the two parietal and two 
frontal bones meet.

Foram en cecum Pit at the junction o f the anterior 
two-thirds and posterior one-third o f the tongue 
representing the site o f origin o f the thyroid 
gland.

Foram en ovale Opening in the interatrial septum 
that permits shunting o f blood from right to left 
during fetal development.

Foregut Part o f the gut tube beginning caudal to 
the pharynx just proximal to the lung bud and 
extending to a point just distal to the liver bud. 
It forms the esophagus, stomach, and part of 
the duodenum, in addition to the lungs, liver, 
gallbladder, and pancreas, which all form from 
diverticula (buds) off the gut tube.

Fossa ovalis Depression on the right side o f the 
interatrial septum formed when the septum

prim um and septum secundum are pressed 
against each other and the foramen ovale is 
closed at birth.

Gastroschisis Ventral body waU defect resulting 
from a lack o f closure o f  the lateral body wall folds 
in the abdominal región resulting in protrusion of 
intestines and sometimes other organs through the 
defect.

Gastrulation Process o f forming the three prim ary 
germ layers from the epiblast involving movement 
o f cells through the primitive streak to form 
endoderm and mesoderm.

Germ  layers Three basic cell layers o f ectoderm, 
mesoderm, and endoderm derived from the 
process o f gastrulation. These layers form all o f the 
structures in the embryo.

Glom erulus Tuft of capülaries formed in the 
Bowman capsule at the end o f each proximal 
convoluted tubule.

G ray ram i communicantes Connections carrying 
postganglionic sympathetic fibers from ganglia in 
the sympathetic trunks to spinal nerves. G ray rami 
exist at all levels o f the spinal cord.

Greater omentum Double layer o f peritoneum 
formed from dorsal mesentery and extending 
down over the intestines from the greater curvature 
o f the stomach. It serves as a storage site for fat and 
can wall o ff pockets o f infection (the pólice officer 
o f the abdomen).

Greater sac Most o f the abdominal cavity with 
exception o f the lesser sac lying dorsal to the lesser 
omentum. The two sacs are connected via the 
epiploic foramen (of Winslow).

Growth factors Proteins that act as signal molecules 
that are usually secreted and have their signáis 
transduced by receptors on target ceUs.

Gubernaculum  Condensation o f mesenchyme 
extending from the testis to the floor o f the 
scrotum that assists in descent o f the testis from 
the posterior abdominal wall to the scrotum.

H

Haploid Term used to denote the number of 
chromosomes in the gametes (23), which is half 
the number present in somatic (diploid) cells.

Hindgut Part o f the gut tube extending from the 
distal one-third o f the transverse colon to the 
upper portion o f the anal canal. It forms part of 
the transverse colon, the descending colon, the 
sigmoid colon, the rectum, and the upper part of 
the anal canal.

Holoprosencephaly Defect where so much midline 
tissue for the face and brain has been lost that the
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two lateral ventricles fuse together and appear 
as one.

Homeobox genes Transcription factors that contain a 
homeobox, a specific DNA-binding motif (sequence) 
within a región called the homeodomain. These 
genes are important for patterning the embryonic 
axis, establishing diíferent regions of the brain, 
determining the origin and type o f gut derivatives, 
patterning the limbs, and other similar phenomena.

Hydatidiform mole Trophoblast forms placental 
tissue, but with no embryo. Moles express only 
paternal genes and probably arise from fertUization 
o f an enucleated egg followed by duplication o f the 
paternal chromosomes to restore a diploid number. 
Moles secrete high concentrations o f human 
chorionic gonadotropin and may become invasive 
(malignant).

Hydrocephalus Increased amounts o f cerebrospinal 
fluid in the brain leading to increased intracranial 
pressure; usually due to a block in the circulatory 
pattern o f the fluid, which most often occurs in the 
cerebral aqueduct o f Sylvius in the mesencephalon. 
I f  the cranial sutures have not fused, the childs 
head enlarges, sometimes to great proportions if 
the pressure is not relieved.

Hyperplasia An increase in ceU number.
Hypertrophy An increase in size o f a part or organ.
Hypoblast Ventral layer o f the bilaminar germ disc. 

Contributes to formation o f the yolk sac and 
extraembryonic mesoderm but not to tissues of 
the embryo.

H ypospadias An opening o f the urethra along the 
ventral aspect o f the penis or scrotum.

I

Induction Process whereby one population o f ceUs 
or a tissue causes another set o f cells or tissues to 
change their fate. Thus, one cell type is the inducer, 
and one is the responder.

Inguinal canal Oblique passageway from the lower 
abdomen to the scrotum for the testes. Forms in 
female fetuses as well.

Inner cell mass Cluster o f cells segregated to one 
pole o f the blastocyst and from which the entire 
embryo develops.

Interm axillary segment Formed from the medial 
nasal processes; it includes the philtrum región of 
the upper lip, the upper jaw  component housing 
the four incisor teeth, and the prim ary palate.

Intermedíate column Origin o f the sympathetic cell 
bodies (lateral horn cells) in the spinal cord from 
T i t o  L2.

Intermedíate m esoderm  Mesoderm-derived layer 
lying between the paraxial and lateral píate layers 
and responsible for form ingm uch o f the urogenital 
system.

Intervertebral disc Cushioning disc formed between 
each vertebra consisting o f a central gelatinous 
portion, the nucleus pulposus, and an outer ring of 
flbrous tissue called the annulus ñbrosus.

Intram em branous (membranous) ossífication 
Formation o f bone directly from mesenchyme 
ceUs, such as in the flat bones o f the skull.

Intraperitoneal Organs suspended in the abdominal 
cavity by a mesentery.

Intron Región o f a gene that cannot be transcribed 
into a protein.

J

Juxtacrine signaling Type o f cell-to-cell signaling 
that does not use diffusable proteins. There are 
three types: (1 ) a protein (ligand) on one cell 
surface reacts with its receptor on another cell 
surface, (2) ligands in the extraceUular matrix 
secreted by one cell interact with another, and (3) 
direct transmission o f signáis vía gap junctíons.

K

Karyotype Chromosomal makeup o f an individual.

Lateral horn Origin o f neurons (intermedíate 
columns) for the sympathetic nervous system 
lying in the lateral región o f the spinal cord from 
T l t o L l - L 2 .

Lateral píate m esoderm  Mesoderm-derived tissue 
that splits into splanchnopleure (visceral) and 
somatopleure (parietal) layers surrounding the 
organs and body cavity.

Lateral som itíc frontíer Border between each somíte 
and the parietal layer o f lateral píate mesoderm. 
Some cells from the myotome and sclerotome 
regions o f each somíte migrate across the frontíer 
to enter the lateral píate mesoderm and with it 
form the abaxíal domain.

Laterality sequences Right and leít sides are 
established during gastrulation in the thírd week 
o f development. Patients with defects in sidedness, 
such that they are prím arüy bílaterally right or left 
sided, have laterality sequences.

Lesser omentum Double layer o f peritoneum forming 
part o f the ventral mesentery and extending from 
the liver to the proxímal end o f the duodenum and 
lesser curvature o f the stomach.

Lesser sac Space behind the lesser omentum that 
communicates with the rest o f the abdominal 
cavity (greater sac) vía the epíploíc foramen (of 
Wínslow).

Lígand A  signal molecule.
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M

Mantle layer Inner layer o f the neural tube containing 
neurons (gray matter).

M arginal layer Peripheral layer o f the neural tube 
containing nerve fibers (white matter).

M eiosis Cell divisions that take place in the germ 
cells to generate male and female gametes. Meiosis 
requires two cell divisions to reduce the number 
o f chromosomes from 46 to the haploid number 
o f2 3 .

Mem branous ossification Process o f forming 
bone directly from mesenchyme. This process is 
characteristic o f the flat bones o f the cranial vault.

Meningocele Neural tube defect in which a sac 
o f fluid-filled meninges protrudes through an 
opening in the skull or vertebrae.

Meningoencephalocele Herniation o f meninges and 
brain tissue through a defect in the skull, usually in 
the occipital región.

Merom elia Partial absence o f a limb.
Mesencephalon One o f the three prim ary brain 

vesicles that does not subdivide.
Mesenchyme Any loosely organized tissue composed 

o f fibroblast-Uke cells and extraceUular matrix 
regardless o f the origin o f the cells.

Mesentery Double layer o f peritoneum that connects 
portions o f the gut or other viscera to the body wall 
or to each other. Mesenteries provide pathways for 
nerves, blood vessels, and lymphatics to and from 
the viscera and help to support the organs in the 
abdomen.

Mesoderm  One o f three basic germ layers that form 
blood vessels, bone, connective tissue, and other 
structures.

Mesonephric ducts (Wolffian ducts) Collecting ducts 
for the mesonephric kidney that regress in female 
fetuses but form the epididymis, ductus deferens, 
seminal vesicle, and ejaculatory ducts in male 
fetuses.

Mesonephros Primitive kidney that forms tubules 
and ducts in the thoracic and lumbar regions. 
M ost o f these structures degenerate, but the main 
duct (mesonephric duct) and some o f the tubules 
contribute to the male reproductive system.

M etanephros Definitive kidney formed from 
metanephric mesoderm (metanephric blastema) 
in the pelvic región.

Metencephalon Derived from the cranial portion of 
the rhombencephalon (hindbrain) and forms the 
cerebeUum and pons.

M idgut Part o f the gut tube extending from 
immediately distal to the liver bud to the proximal 
two-thirds o f  the transverse colon. It forms part of 
the duodenum, jejunum, üeum, cecum, appendix, 
ascending colon, and part o f the transverse colon.

Early in development, it forms the prim ary 
intestinal loop with the superior mesenteric artery 
as its axis. This loop is involved in gut rotation 
and physiological umbilical herniation and is 
connected to the yoDc sac by the viteUine duct.

M itosis The process whereby one cell divides 
giving rise to two daughter cells each with 46 
chromosomes.

Monozygotic twins Twins formed from a single 
oocyte. Splitting m ay occur at the two-cell stage or 
after formation o f the germ disc but usually takes 
place at the time o f inner ceU mass formation.

M orphogen Molecule secreted at a distance that can 
induce ceUs to differentiate. The same morphogen 
can induce more than one cell type by establishing 
a concentration gradient.

MüUerian inhibiting substance Another term for 
anti-müllerian hormone. Produced by Sertoli 
cells and causes regression o f the MüUerian 
(paramesonephric) ducts in male fetuses.

Myelencephalon Derived from the caudal portion of 
the rhombencephalon (hindbrain) and forms the 
medulla oblongata.

Myelomeningocele Protrusion o f meninges and 
spinal cord tissue through a defect in the vertebral 
arch called spina bifida.

Myotome Muscle forming región o f a somite formed 
by myocytes derived from the ventrolateral and 
dorsomedial regions that coalesce beneath the 
dermatome. These cells remain in the primaxial 
domain and form the intrinsic back muscles, 
intercostal and cervical muscles and some muscles 
o f the upper limb girdle.

N

Nephron Functional unit o f the kidney consisting of 
the proximal and distal convoluted tubules, loop of 
Henle, Bowman capsule, and a glomerulus.

Neural crest cells Cells o f the neuroepitheUum that 
form at the tips (“crest” ) o f the neural folds and then 
migrate to other regions to form many structures, 
including spinal ganglia, bones and connective 
tissue o f  the face, septa for the outflow tract of 
the heart, some cranial nerve ganglia, ganglia for 
the gut tube (enteric ganglia), melanocytes, etc. 
These ceUs are vulnerable to teratogenic insxilt and 
provide a rationale for why many children with 
facial clefts also have cardiac defects.

Neurocranium  Part of the skull that forms a 
protective case around the brain (the other part of 
the skull is the viscerocranium or face). It consists 
o f two parts, the membranous neurocranium, 
or flat bones o f the skull, and the cartilaginous 
neurocranium or chondrocranium, forming the 
base o f the skull.
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Neuromeres Brain segments associated with 
somitomeres. They are especially prominent in the 
hindbrain where they are called rhombomeres.

Neuropores Cranial and caudal openings in the 
neural tube that exist from the time that closure of 
the neural folds is initiated until it is complete, that 
is, unclosed portions o f the closing neural tube.

N eurulation Process o f  transforming the neural 
píate into the neural tube. Neurulation begins 
in the third week and ends at 28 days. Failure of 
the neural folds to cióse the tube results in neural 
tube defects, including anencephaly and spina 
bifida.

Notochord A n extended column of midline cells 
lying immediately ventral to the floor píate of 
the central nervous system and extending from 
the hypophysis to the end o f the spinal cord. It 
is important for inducing the neural píate, the 
ventral (motor) región o f the brain and spinal 
cord, and the sclerotome portion o f the somites 
to form vertebrae. The major signal molecule for 
these phenomena is sonic hedgehog (SHH).

Nucleosome Basic unit o f structure o f chromatin, 
containing a complex o f histone proteins and 
approximately 140 base pairs o f DNA.

Nucleus pulposus Central gelatinous portion o f an 
intervertebral disc derived from proliferation of 
notochord cells.

Omental bursa (lesser peritoneal sac) Space created 
posterior to the stomach by gut rotation. This 
space connects to the rest o f the peritoneal cavity 
(greater peritoneal sac) through the epiploic 
foramen (of Winslow).

Omentum Fold o f peritoneum passing from the 
stomach to the liver (lesser omentum) or from 
the stomach to the transverse colon and beyond 
(greater omentum).

Omphalocele Ventral body wall defect caused by 
failure o f physiologically herniated loops o f bowel 
to return to the body cavity in the lOth week.

O rganogénesis Period o f development when 
the organ prim ordia are established, usually 
considered to be from the beginning o f the third 
week to the end o f  the eighth week o f gestation. 
This is the time when organs are most sensitive 
to insult, and induction o f most birth defects 
occurs.

O ropharyngeal membrane Membrane formed 
at the cranial end o f the germ disc by adhesión 
between epiblast and hypoblast cells. Later, it 
covers the opening o f the oral cavity and breaks 
down as the pharynx develops. (The oíd term was 
bu ccopharyn geal m em bran e.)

Outer cell mass Cells that surround the blastocyst 
cavity and cover the inner cell mass and that will 
form the trophoblast.

Paracrine signaling Type o f signaling from one cell 
to another where proteins synthesized by one cell 
diffuse short distances to interact with other cells.

Param esonephric ducts (M üllerian ducts) Ducts 
that paraUel the mesonephric duct and extend 
from the abdominal cavity to the posterior wall 
o f the urogenital sinus. These ducts regress in the 
male fetus but form the uterus, uterine (fallopian) 
tubes, and upper part o f the vagina in female 
fetuses.

Paraxial m esoderm  Mesoderm-derived tissue along 
the axis o f the embryo responsible for forming 
somites and somitomeres.

Parenchyma The specific cells o f a gland or organ 
held together by connective tissue called the 
stroma.

Parietal Pertaining to the wall o f any cavity.
Parturition Birth.
Pericardioperitoneal canal Openings from the 

abdomen to the thorax posterior to the septum 
transversum that are closed by the pleuroperitoneal 
membranes during formation o f the diaphragm.

Peritoneal ligam ents Thickenings o f peritoneum 
that join organs together. For example, the spleen 
and kidney by the Uenorenal ligament and the liver 
to the duodenum by the hepatoduodenal Ugament.

Pharyngeal arches Bars o f mesenchyme derived from 
mesoderm and neural crest cells that form in five 
pairs around the pharynx, somewhat like the gills 
(branchia) o f a fish. They are covered by ectoderm 
externaUy and endoderm internally. Clefts are 
present externally between pairs o f  arches, whereas 
pouches are present between arches internally. 
However, there is no communication between 
clefts and pouches.

Pharyngeal cleft Ectoderm-lined indentation between 
pharyngeal arches on their external surfaces.

Pharyngeal pouch Endoderm-lined indentation 
between pharyngeal arches on their internal 
surfaces.

Phenotype Physical characteristics o f an individual.
PhocomeUa Partial absence o f a limb (a type of 

meromelia) in which the long bones are missing or 
very short resulting in the hand or foot attached to 
the side o f the body.

Placode A  thickened región o f ectoderm that forms 
sensory organs and ganglia. Examples include the 
nasal, otic, lens, and epibranchial placodes.

Pleuropericardial folds Extensions o f mesoderm 
from the lateral body wall that meet in the midline
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to separate the pleural and pericardial cavities. 
The folds carry the phrenic nerve with them, 
contribute to the parietal pericardium, and form 
the fibrous pericardium.

Pleuroperitoneal folds Extensions o f mesoderm that 
extend from the body wall to meet the septum 
transversum and mesentery o f the esophagus, 
thereby closing the pericardioperitoneal canals 
during formation o f the diaphragm.

Polydactyly Extra digits.
Prechordal píate CoUection o f mesoderm ceUs lying 

between the oropharyngeal membrane and the 
cranial end o f the notochord. These cells represent 
some o f the first to pass through the primitive 
streak and are important for forebrain induction 
using sonic hedgehog as a signal molecule.

Prim ary heart field (PHF) Cardiac progenitor ceUs 
that have migrated through the primitive streak 
and positioned themselves in the splanchnic 
(visceral) layer o f lateral píate mesoderm in a 
horseshoe shape cranial to the cranial región o f the 
neural píate. These cells will coalesce to form the 
heart tube and will contribute to the formation of 
the atria, left ventricle, and right ventricle.

Prim ary intestinal loop Loop formed around the 
superior mesenteric artery by the midgut. It rotates 
and lengthens as it herniates into the umbilicus 
in the sixth week. It then continúes its growth 
and rotation as it reenters the abdominal cavity 
beginning in the lOth week.

Prim ary palate Formed by the medial nasal 
prominences as part o f the intermaxiUary segment. 
It fuses with the secondary palate.

Prim axial dom ain Región o f mesoderm around the 
neural tube that contains only somite-derived 
(paraxial mesoderm) cells.

Prim itive body cavity Created by ventral body wall 
closure, this space extends from the cervical región 
to the pelvis. It will be divided by the diaphragm 
into thoracic and peritoneal cavities and by 
the pleuropericardial folds into the pleural and 
pericardial cavities.

Prim itive node Elevated región around the cranial 
end o f  the primitive streak that is known as 
the “organizer” because it regulates important 
processes such as laterality and formation o f the 
notochord.

Prim itive pit Depression in the primitive node.
Prim itive streak Groove formed in the epiblast at the 

caudal end o f the bilaminar germ disc stage embryo 
through which epiblast cells migrate to form 
endoderm and mesoderm during gastrxilation.

Prim ordial germ  cells Cells responsible for 
differentiating into eggs and sperm. They migrate 
from the wall o f  the yolk sac to the genital ridges.

Processus vaginalis Outpocketing o f peritoneum 
that precedes the testis through the inguinal canal.

Once it reaches the scrotum, it pinches off from the 
abdominal cavity and forms the túnica vaginalis of 
the testis. I f  it fails to pinch ofF, then it can serve as 
a path for herniation o f bowel through the canal 
into the scrotum, forming an inguinal (indirect) 
hernia.

Proctodeum EctodermaUy lined pit that invaginates 
to form the lower third o f the anal canal. Initially, 
this región is separated from the remainder of 
the anal canal by the anal membrane (once the 
posterior portion o f the cloacal membrane), which 
breaks down to permit continuity between the two 
parts o f the canal.

Progress zone prohferating population o f mesenchyme 
ceUs immediately beneath the apical ectodermal 
ridge (AER). By signaling through FGFs, the 
AF.R maintains the progress zone and promotes 
proximodistal growth of the limb.

Prom eter región Site in a typical gene that binds 
RN A polymerase for the initiation o f transcription.

Pronephros Primitive kidney that forms a few 
nonfunctional vestigial tubules in the cervical 
región.

Prosencephalon One o f three prim ary brain vesicles 
that form the telencephalon and diencephalon.

Pseudohermaphrodite Individual in whom the 
genotypicsexismaskedbyaphenotypethatresembles 
the opposite sex. Female pseudohermaphrodism is 
most often caused by abnormalities in the adrenal 
glands {congenital adrenal hyperplasia [CAH]); 
male pseudohermaphrodites usuaUy occur because 
o f androgen insensitivity syndrome (AIS,) which 
causes their external genitalia to be incapable of 
responding to dihydrotestosterone.

Rathke’s pouch Outpocketing o f ectoderm from 
the roof o f the oral cavity that forms the anterior 
portion (adenohypophysis) o f the pituitary.

Rectouterine pouch (Douglas pouch) Depression 
between the vagina and rectum. This site is the 
most common place for an ectopic pregnancy 
within the peritoneal cavity (the most common site 
o f aU is in the ampuUary región o f the uterine tube).

Renal corpuscle Combination o f Bowman’s capsule 
and a glomerulus.

Retroperitoneal Posterior to the peritoneum.
Rhombencephalon One o f three primary brain vesicles 

that form the metencephalon and myelencephalon.
Rhom bom ere One o f eight segments that form in the 

rhombencephalon that contributes to development 
o f cranial nerve nuclei and give rise to neural crest 
cells that migrate to the pharyngeal arches.

Round ligament o f  the liver Formed by the 
obliterated umbilical vein that runs in the free 
margin o f the falciform ligament.
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Scaphocephaly Type o f craniosynostosis in which 
the sagittal suture closes prematurely resulting in 
a long, narrow head shape.

Sclerotome Ventromedial part o f each somite that 
forms the vertebrae.

Secondary heart field (SHF) Group o f cells in 
the visceral (splanchnic) layer o f lateral píate 
mesoderm lying beneath the floor o f the posterior 
part o f the pharynx. Regxilated by neural crest cells 
migrating in the región, SHF cells contribute to 
formation o f the right ventricle, and outflow tract 
(conus cordis and truncus arteriosus) o f the heart.

Secondary palate Derived from the maxillary 
processes o f the first arch and includes the soft 
and hard palates. Fuses with the prim ary palate 
anteriorly.

Septum prim um  First septum to grow down from 
the roof o f the common atrium and contributes 
to the interatrial septum. Prior to contact with 
the atrioventricular endocardial cushions, 
programmed cell death creates a new opening in 
this septum to maintain communication between 
the atrial chambers. This septum wül form the 
valve o f the foramen ovale.

Septum secundum Second septum to grow down 
from the roof o f the common atrium toward the 
atrioventricular endocardial cushions. It never 
makes contact with the cushions, such that an 
oblique opening, the foramen ovale, is created 
between the septum secundum and septum 
primum that allows shunting o f blood from the 
right atrium to the left during fetal development. 
At birth, this opening is closed when the septum 
primum is pressed against the septum secundum 
and the adult pattern o f  blood flow is established.

Septum transversum  Mesoderm tissue originally 
lying cranial to the heart but repositioned between 
the heart and connecting stalk by cranial folding 
o f the embryo. It gives rise to the central tendón of 
the diaphragm, connective tissue for the liver, and 
ventral mesentery.

Situs inversus Complete reversal o f left- and right- 
sidedness o f the organs in the thorax and abdomen.

Som atíc (parietal) m esoderm  That layer o f lateral 
píate mesoderm associated with ectoderm. It 
forms the parietal pleura, parietal peritoneum, etc.

Somatopleure Combination o f the parietal (somatic) 
layer o f the lateral píate mesoderm and the 
adjacent layer o f  ectoderm.

Somites Epithelial balls o f ceUs formed in segmental 
pairs along the neural tube from paraxial mesoderm. 
Somites differentiate into vertebrae, muscles of the 
back and body waU, and dermis of the skin.

Somitomeres Loosely organized segmented 
collections o f paraxial mesoderm in the cranial

región. Somitomeres form muscles and bones of 
the face and skull.

Sonic hedgehog Secreted protein that acts as a 
morphogen in several embryonic sites, including 
the limbs, somites, gut formation, and estabüshment 
o f the midline in the central nervous system.

Spina bifida Neural tube defect that involves 
incomplete development o f the vertebral arches 
with or without defects o f the underlying neural 
tube. I f  only the vertebrae are involved, the defect 
is called spina bifida occulta because it is usually 
skin-covered and not visible from the surface. 
I f  the underlying neural tube is affected, then 
the defect is called spina bifida cystica. Seventy 
percent o f these defects can be prevented by daily 
maternal use o f 400 )j.g o f folie acid beginning 2 
to 3 months prior to conception and continuing 
throughout pregnancy.

Spinal ganglion (dorsal root ganglion) Ganglion 
derived from neural crest ceUs that lie outside the 
spinal cord and houses the sensory cell bodies for 
a spinal nerve.

Spinal nerve Nerve formed by the junction o f dorsal 
and ventral roots at each intervertebral foramen.

Splanchnic (visceral) m esoderm  That part o f the 
lateral píate mesoderm that is associated with 
endoderm and forms the visceral pleura, visceral 
peritoneum, etc.

Splanchnic nerves Preganglionic sympathetic and 
parasympathetic fibers in the thorax (greater [T5- 
T9],lesser [T 10 an d T ll],an d least [T12] splanchnic 
nerves; sympathetic), lumbar región (lumbar 
splanchnic nerves [L1 and L2]; sympathetic), and 
pelvic región (pelvic splanchnic nerves S2-S4; 
parasympathetic).

Splanchnopleure Combination o f the visceral 
(splanchnic) layer o f lateral píate mesoderm with 
the adjacent layer o f endoderm.

Stenosis A  narrowing o f a canal or orifice.
Stomodeum The ectodermally lined primitive 

oral cavity, separated from the pharynx by the 
oropharyngeal membrane, that later breaks down.

Stroma Connective tissue o f glands.
Surfactant Phospholipid made by alveolar type II 

cells that reduce surface tensión in alveoli, which 
is essential for respiration. Production does not 
begin until the end o f the sixth month, making 
it difíicult for premature infants born before this 
time to survive.

Suture Narrow seams o f connective tissue that 
separate the fiat bones o f the skull allowing 
molding o f the skull through the birth canal and 
growth and expansión as the brain grows.

Sympathetic trunks Paired collections of 
sympathetic ganglia lying on the posterior body 
wall lateral to the vertebral bodies. Sometimes 
called sympathetic chain ganglia.
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Syncytiotrophoblast Outer multinucleated layer 
o f the trophoblast that serves to invade the 
endometrium o f the uterus.

Syndactyly Fusión o f one or more digits.
Syndrome A  group o f abnormalities occurring 

togeüier that have a known cause, for example, 
Down syndrome and fetal alcohol syndrome (FAS).

Telencephalon Derived from the most cranial 
portion o f the prosencephalon (forebrain) and 
forms the cerebral hemispheres.

Teratogen A  factor that causes a birth defect, such as 
a drug or environmental toxicant.

Teratology Science that studies the origin, causes, 
and prevention o f birth defects.

Teratoma Tumor-containing derivatives from all 
three germ layers. They may arise from remnants 
o f the primitive streak or from germ cells that do 
not mígrate successfully to the gonadal ridges. The 
most common ones are caudal teratomas arising in 
the buttocks región.

Thyroglossal duct Duct formed along the path of 
thyroid migration extending in the midline from 
the foramen cecum in the tongue to the neck.

Tracheoesophageal septum Septum that separates 
the trachea from the gut tube.

Transcription factors Proteins that have DNA- 
binding sites that regúlate the expression of 
downstream genes.

Trophoblast Outer cell layer surrounding the 
blastocyst from which placental tissues are derived.

U

Urachus Vestigial remnant o f the allantois from 
the ventral surface o f the urogenital sinus to the 
umbilicus that normaUy regresses to a fibrous 
cord, forming the median umbilical ligament. 
Sometimes it may remain patent to form a urachal 
fístula or cyst.

Urogenital ridge Bilateral epitheUal-covered elevation 
o f intermedíate mesoderm that Ues in the lower 
thoracic and lumbar regions and that forms the 
mesonephric kidneys and the gonads.

Urorectal septum Wedge o f mesoderm that 
grows down between the hindgut and primitive 
urogenital sinus, partially separating these two 
structures. The caudal end o f the septum forms the 
perineal body.

Uterovesical pouch Depression between the vagina 
and the bladder.

Vasculogenesis Formation o f blood vessels from 
blood islands in situ.

Ventral mesentery Double layer o f peritoneum 
derived from the septum transversum and 
extending from the liver to the ventral body wall 
(the falciform ligament) and from the liver to the 
stomach and duodenum (lesser omentum).

Ventral prim ary ram us Ventral branch o f a spinal 
nerve that innervates limb and trunk muscles 
except the intrinsic (“true” ) back muscles, which 
are innervated by dorsal prim ary rami.

Ventral root Motor fibers passing from ventral horn 
ceUs in the spinal cord to a spinal nerve.

Visceral Relating to the organs o f the body.
Viscerocranium  Part o f the skuU that comprises the 

bones o f the face (the other part o f the skull is the 
neurocranium).

Vitelline duct Connection between the yolk sac 
and the prim ary intestinal loop o f the midgut 
through the connecting stalk. Failure o f this duct 
to degenerate results in fístulas and diverticula 
(Meckel diverticulum) from the small intestine to 
the umbilicus.

W

W hite ram i communicantes Connections carrying 
preganglionic sympathetic fibers from spinal 
nerves to the sympathetic trunks. White rami exist 
only at levels T 1-L 2 .

Yolk sac Structure located ventral to the bilaminar 
germ disc derived from the hypoblast. It is the site of 
origin o f the fírst blood cells and remarns attached to 
the midgut via the vitelline (yolk sac) duct untU late 
in development.

Zone o f  polarizing activity (ZPA) Population of 
mesoderm cells at the posterior border o f the limb 
next to the apical ectodermal ridge that regulates 
anterior-posterior patterning o f the limb.
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m u scle  in n ervation , 1 5 7 - 1 5 9 ,1 5 9 /  

ribs, 154  

skull, 1 4 3 -1 4 7  

stern u m , 154  

v erteb rae, 1 5 2 -1 5 3  

verteb ral co lu m n , 1 5 2 -1 5 3  

A xo n s, 309  

A zygos vein , 211

B
B ard et-B ied l syn d ro m e, 2 5 6 b

B a rrie r  co n tracep tiv e  m etb o d s, 41b

B asal plates, 3 0 8 , 3 1 9 í ,3 4 1

B asal tem p eratu re , 36b

B asilar m em b ran e, 3 4 4

Beck er m uscu lar d y stro p h y (B M D ), 161b

B icuspid  valve, 190

Bifid pen is, 272b

B ilam in ar germ  d isc, 4 9 - 5 7
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Bile d u ct, 2 3 6  

B iliary  atresia, 238b 

B iparietal d iam eter (B P D ), 1 0 8 ,1 3 7  

B irth . See P artu rition  

B irth  con tro l. See C on tracep tive  

m eth o d s  

B irth  co n tro l piUs, 134  

B irth  defects, 1 2 6 -1 3 5 .  See abo specific 
birth defects 

alcoh ol, 133  

card iac , 2 0 1 í  

causes, 1 2 6 ,1 2 6 /  

ch em ical agents, 1 3 1 -1 3 2  

cigarettes, 133

en viron m en tal facto rs, 1 2 8 -1 3 2  

gross stru ctu ral, 91b 

h eav y  m etáis , 135  
h o rm o n es, 1 3 3 -1 3 4  

h y p erth erm ia , 1 2 9 -1 3 1  

h y p oxia , 135  

ülicit d ru g s, 133  

in fectious agen ts, 129  

IV F, 134

lateraü ty-associated , 65b-66b 

m atern al disease and , 1 3 4 -1 3 5  

n u trition al deficiencies an d , 135  

ob esity  an d , 135  

p h arm aceu tical d ru g s, 1 3 1 -1 3 2  

preven tion  of, 136&, 140  

rad iation , 131

sp on tan eou s ab o rtion s an d , 17í>-25fe 

teratogen esis, m ale-m ed iated , 135  

types o f  ab n orm alities, 1 2 7 -1 2 8  

v ira l infections, 1 2 9 -1 3 1  

w eek 3 - 8 ,  9lb-92b, 9 1 /, 9 2 /

B ladder, 2 5 7 - 2 6 0 ,  2 7 6  

defects, 260&

exstrophy, 9 8 /, 99b, 260b, 2 6 1 /  

B lastocele , 4 3  

B lastocyte , 4 9 /

fo rm atio n , 4 3 - 4 4 ,  4 4 /

B lastom eres, 4 3 , 48  

B lo o d -a ir  b arrier, 2 2 2  

B M D . See B eck er m u scu lar dystrophy  

BM P. See B on e m o rp h o g en etic  protein  

B M P 2. See B on e m orp h o gen etic  

protein  2  

B M P 4. See B on e m orp h o gen etic  

protein  4  

B M P 7. See B on e m orp h o gen etic  

protein  7  

B o d y  axes, 5 9 - 6 4  

B od y cavities, 9 5 - 1 0 4  

fo rm atio n , 9 6 , 9 7 /

B od y wall 

defects, 243&

ven tral, 8 6 , 9 6 , 97b-99b, 103  

B o n e  age, 170í>

B o n e  m o rp h o g en etic  p rotein  (B M P ), 8, 

2 1 5 , 2 3 7 , 3 0 4  

B o n e  m o rp h o g en etic  p rotein  2  

(B M P 2 ), 182

B o n e  m o rp h o g en etic  p rotein  4  

(B M P 4 ), 6 9 , 7 1 , 8 2 , 9 3 , 182  

b o d y  axes an d , 6 1 - 6 2 ,  6 2 /  

b rain  d evelop m en t an d , 3 3 0  

B o n e  m o rp h o g en etic  p rotein  7  

(B M P 7 ), 2 5 3 , 3 3 0  

B o w m an  capsule, 2 5 1 , 2 5 2 /  253  

B PD . See B iparietal d iam eter  

B rach ial p lexu s, 88  

B rach io cep h alic  artery , 2 0 2  

Brachycep haly, 148fe 

Brachydactyly, 170fe, 1 7 1 /

B rach y u ry  (T ) gen e, 6 2 , 69  

B rain

d ev elop m en t, m o lecu lar regulation  

of, 3 2 8 - 3 3 0 ,  3 2 9 /  

m esen cep h alon , 3 2 1 - 3 2 2  

p rosen cep h alo n , 3 2 2 - 3 2 8  

rh o m b en cep h alo n , 3 1 7 -3 2 1  

stem , 341  

B rain  vesicles, 7 4 , 3 0 8 /  3 0 9 /  

p rim ary , 3 0 6  

seco n d ary , 3 0 6  

B ran ch ial fístulas, 288&

B ro n ch i, 2 2 0 -2 2 1  

B u lb oven tricu lar flange, 189  

B u lb oven tricu lar sulcus, 179  

B un dle o f  H is. See A trio ven tricu lar  

n o d e an d  bundle

C 3 - 5 .  See C erv ical segm ents th ree  to  

five

C A H . See C on gen ital adrenal 

hyperplasia  

C A IS. See C om p lete  an d rogen  

in sensitivity synd rom e  

C alcito n in , 2 8 5  

CantreU  pentalogy, 97í>

C ap acitation , 39 , 4 7  

C apillary hem an g iom as, 85í>, 8 5 /  

C arb oh yd rate  recep tors, 4 4  

C ard iac  abn orm alities, 197  

C ard iac  b irth  defects, 2 0 1 í  

C ard iac  develop m en t, m olecu lar  

regu lation  of, 1 8 2 -1 8 3 ,  1 8 2 /

C ard iac  lo op , 1 8 1 , 1 8 1 / 2 1 6  

abn orm alities, 181í> 

fo rm atio n , 1 7 9 - 1 8 1 ,1 8 0 /

C ard iac  m u scle , 1 5 6 ,1 6 0 ,1 6 2  

C ard iac  septa, 1 8 5 /

fo rm atio n , 1 8 4 -1 9 7 ,  2 1 6

in  atriov en tricu lar can al, 1 8 9 ,1 8 9 /  

in  bulbus, 2 1 6  

in  co m m o n  atriu m , 187  

in  tru n cu s  arteriosu s an d  conu s  

cord is, 1 9 5 -1 9 7  

in v e n tricle s , 1 9 7 ,2 1 6  

C ard in al veins, 2 1 0 -2 1 1  

C ard iov ascu lar system

card iac lo op  fo rm atio n , 1 7 9 -1 8 1  

card iac septa form ation , 1 8 4 -1 9 7

c ircu latio n , 2 1 2 - 2 1 5  

co n d u ctin g  system  o f  h e a rt an d , 201  

h eart defects, 198í>-200fo 

h eart tu b e fo rm atio n  an d  p o sitio n , 

1 7 7 -1 7 9  

m o lecu lar regu lation  o f  card iac  

d evelop m en t, 1 8 2 -1 8 3  

P H F  establishm ent an d  p attern in g , 

1 7 5 -1 7 6

sin u sven o su s developm ent, 1 8 3 -1 8 4  

v ascu lar develop m en t, 2 0 2 -2 1 1  

ven ou s system , 2 0 8 -2 1 1  

C a ro tid  d u ct, 2 0 4  

C a ta ra cts , con g en ital, 359fo 

C au d a equina, 3 1 4  

C au d al dysgenesis, 65b, 6 5 /

C au d al gen ital ligam en t, 2 7 2  

C au d al n eu ro p ores. See P o sterior  

neu ro p ores  

C au d ate nu cleus, 3 2 5  

C  cells, 2 8 5 , 2 9 2  

C e ca l bu d, 2 4 2  

C e cu m , 2 4 2 , 2 4 2 /  243b 

C elexa. See Selective seroton in  

reuptake inhibitors  

C eliac  artery , 2 3 5

C eliac  m esen teric  arteries, 2 0 5 , 2 1 7  

C e lld e a th , 1 6 3 , 1 6 4 /  187  

CeU signaling

p aracrin e  signaling facto rs, 7 - 8  

sign al tran sd u ctio n  pathw ays, 6 - 7  

C E L S R , 13
C em en tob lasts , 3 0 3 , 3 0 3 /  3 0 5  

C em en tu m , 3 0 3 , 3 0 3 /, 3 0 5  

C en tra l n ervo u s system  (C N S ), 

3 0 6 - 3 4 2  

A N S , 3 3 4 - 3 4 0  

brain , 3 1 7 -3 2 8  

c ran ial n erves, 3 3 4  

sp in a lco rd , 3 0 7 - 3 1 5  

C erb eru s, 6 1 , 69  

C ereb ellu m , 3 2 0 - 3 2 1 ,  3 2 1 /  341  

C ereb ral h em isph eres, 3 0 7 , 3 2 0 , 

3 2 4 - 3 2 6 ,  3 2 6 /  341  

C ereb rosp in al fluid (C S F ), 3 2 8 , 341  

C erv ica l ribs, 154fo

C erv ica l segm en ts th ree  to  five ( C 3 - 5 ) ,  

101-102 

m u scu lar co m p o n en ts  fro m , 104  

C erv ica l sinus, 2 8 6  

C erv ix , 2 7 7  

C heek s, 2 9 5  
C h iasm a, 17

C H L . See C ro w n -h eel length  

C h olesterol, 9

biosynthesis, 331&

C h o n d ro cran iu m , 1 4 5 ,1 4 6 ,1 5 5  

C h o rd ae  ten d in eae, 1 9 0 ,1 9 0 /

C h o rd al c h o n d ro cra n iu m , 146  

Chordin, 62, 6 9 , 71  

C h o rio n  fro n d o su m , 1 1 2 ,1 2 5  

C h o rio n ic  cavity, 5 1 , 5 2 , 5 3 /  5 7 , 117
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Chorionic píate, 52, 68, 1 1 2  
Chorionic villus sampling (CVS), 136, 

138-139,140 
Chorion laeve, 112 ,112 / , 113 /  
Choroid, 355, 356/

plexus, 320, 322, 324, 341 
Choroidal fissure, 324 
Chromaffin cells, 340, 342 
Chromatids, 15 - 17  
Chromatin, 3 ,10  
Chromosomal abnormalities 

numerical, 17b-22b, 18/, 32 
structural, 17b, 22b-23b, 32 

Chromosomes, 42, 48 
homologous, 16, 32 
sex, 15
theory of inheritance, 15 -17  
X, 5, 10 -12  

Cigarettes, 133 
Cüia, 64
Ciliarybody, 353-355, 356/ 
Cüiopathies, 255b-256b 
Circulation

at birth, 2 14-215, 214/ 217 
fetal, 212-214, 213/ 
lymphatic system, 215 
placental, 1 13 - 1 1 5  
uteroplacental, 51, 56 

Cleavage, 42-43, 43/ 
initiation of, 42, 48 

Cleft foot, 17 1/  172&
Cleft hand, 172&
Cleft lip, 128/ 298b, 299/ 

median, 300&, 300/
Cleft palate, 298í>, 300í>
Cleft sternum, 154¿
Cleft upper jaw, 298¿
Cleft vertebra, 154í>
Cleidocranial dysostosis, 148¿, 15 1/  
Clitoris, 272, 277 
Cloaca, 87-88, 87/ 257, 276 

exstrophy, 98/ 99b 
exstrophy of, 260b, 261/ 
folds, 270, 277 
membrane, 59, 87,248/ 247 

Clomiphene citrate (Clomid), 42b 
Clubfeet, 127 ,128/ 173&
CNS. See Central nervous system 
Cocaine, 133 
Cochlea, 343-344 
Cochlear duct, 343, 351 
Codeine, 132
Cognitive impairments, 300b
C O LlA l, I72b
Collagens, 7 , 172&, 255
CoUecting system, 251-253, 253/ 276
Collecting tubules, 253, 253/
CoUiculus, 322
Coloboma, 359fe, 360/
Colon, left-sided, 245fe 
Commissures, 326-328, 327/ 
Common atrium, 187

Competence, 6,1 2  
Complete androgen insensitivity 

syndrome (CAIS), 273b 
Congenital adrenal hyperplasia (CAH), 

273b
Congenital anomaly, 126 
Congenital polycystic kidney disease, 

255b
Conjoined twins, 62, 62/ 124/ 125 
Connecting stalk, 52, 68,103, 117  
Connective tissue, 161 

cells, 236 
Connexin proteins, 7 
Conotruncal endocardial cushions, 

288b
Conotruncal ridges, 195,195/ 
Contiguous genes, 23b, 32 
Contraceptive methods, 41b. See also 

specific methods 
oral, 134 

Conus cordis, 179,180/ 196/ 
septum formation in, 195-197 

Conus septum, 197
Convergent extensión, 9 - 10 ,1 1 /  12 ,13  
Convoluted tubule, 253 
Corium, 364 
Cornea, 355
Corona radiata, 36,40,48 
Coronary arteries, 205-208 
Coronary sinus, 183-184 
Corpus albicans, 36-37 
Corpus atreticum, 34 
Corpus callosum, 326, 333b 
Corpus luteum, 36-37, 37/
Corpus striatum, 324 
Cortex, 338, 342

of suprarenal glands, 93 
Cortical cords, 263 
Cortisone, 134
Cor triloculare biventriculare, 192/ 

193b
Cotyledons, 1 1 2 , 1 1 3 , 1 14 /
Cranial defects, 330b-333b 
Cranial nerves, 280, 334, 334/ 335í 

auditory fibers, 344 
ganglia of, 336f 

Cranial neuropores. See Anterior 
neuropores 

Craniofacial defects, 147b-152b, 
288b-289b, 290/

Craniofacial muscles, 160í 
Craniofacial skeleton, 75 
Craniofrontonasal syndrome, 148b 
Craniopagus twins, 124/ 
Craniopharyngiomas, 324b 
Craniorachischisis, 332b 
Cranioschisis, 147/
Craniosynostosis, 147b-148b, 150/ 

radial aplasia syndrome, 173b 
Cremasteric fascia and muscle, 275 
Cretinism, 13 5 ,136b 
Cricoid, 220

Cri-du-chat syndrome, 23b 
Crista ampuUaris, 346 
Crista dividens, 213 
Crista terminalis, 184,216 
CRL. See Crown-rump length 
Crossovers, 16 -17 ,16 /
Crosstalk, 6
Crown-heel length (CHL), 105 
Crown-rump length (CRL), 88, 90f, 

105,106/ 137 
Crus ampullare, 346 
Crus cerebri, 322 
Cryptorchidism, 275b-276b 
CSF. See Cerebrospinal fluid 
Cumulus oophorus, 28 
CVS. See Chorionic villus sampling 
Cyclopia, 360b 
Cystic duct, 236 
Cytodifíerentiation, 14, 32 
Cytogenetic analysis, 24b, 33 
Cytomegalovirus, 129 
Cytotrophoblast, 49, 50/ 56

D
DAXl, 277 
Decidua

basaUs, 68,112, 125 
parietalis, 1 12 ,1 1 3 /  
reaction, 52 

Decidual píate, 68, 1 1 2  
Deciduous teeth (milk teeth), 303, 303/ 
Definitive choanae, 301 
Definitive placental villus, 67-68 
7-Dehydrocholesterol reductase, 331b 
Deletion, 23b, 32 

syndromes, 291 b 
Delivery of fetus, 120 
Dendrites, 309 
Dental buds, 302 
Dental epithehum, 302 
Dental lamina, 302 
Dentate nucleus, 321 
Dentin, 305
Denys-Drash syndrome, 255b 
Dermatome, 82, 92,156

sensory innervation for, 167,167/ 
Dermis, 362-364, 367 
Dermomyotome, 143 ,156 ,157/
DES. See Diethylstilbestrol 
Desert hedgehog, 8 
Development

external appearance during second 
month of, 88-90, 89/ 90/ 

of fetus, 105-108 
stages, 128,140 
third month to birth, 105-125 
week 1, 34-48 
week 2

day 8,49, 49/ 
day9, 50-51,50/ 
day 13 ,52-53
days 1 1  and 12, 51-52, 5 1/  52/
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D ev elop m en t (continued) 
w eek 3 , 5 8 - 7 0  

w eek 3 - 8 , 7 1 - 9 4  

D e xtro card ia , 181í>, 2 1 6  

D iabetes, 134

m atern al, 191í>, 350i>

D iap h ragm , 1 0 0 - 1 0 1 ,1 0 4 ,  2 3 6  

fo rm atio n , 1 0 1 - 1 0 3 ,1 0 2 /  

D iap h ragm atic  h ern ias, 1 0 2 ¿-1 0 3 fe , 

102/
D iaphysis, 165  

D ien cep h alon , 3 0 6 , 3 2 2 - 3 2 4  

D iethylstÜ bestrol (D E S ), 117i> 

b irth  defects and, 1 3 3 -1 3 4  

D iG eorge seq u en ce, 199í>

D igestive system  

foregut, 2 2 8 - 2 3 6  

gu t tu b e divisions, 2 2 5 - 2 2 6  

hind gut, 2 4 7  

liver in d u ction , 2 3 6 - 2 3 7  

m esen teries, 2 2 7 -2 2 8  

m id g u t, 2 3 9 - 2 4 2  

pan creas , 2 3 8 - 2 3 9  

D ih yd ro testosteron e, 2 6 7 - 2 6 8 ,  2 7 7  

D iphenylhydantoin (p h en ytoin ), 132  

D ishevelled (D v l), 1 0 ,1 3  

D izygotic tw ins, 120 , 1 2 1 /  125  

D M D . See D u ch en n e m u scu lar  

dystrophy  

D M P. See D o rsal m esen ch ym al 

protru sion  

D N A , 3 ,1 5  

m eth y latio n , 5  

D N A -b in d in g d o m ain , 4  

D o m in an t m u tation , 2 4b , 32  

D o rsal ao rtae , 1 7 6 , 2 0 3 /

D o rsal m esen ch ym al protru sion  

(D M P ), 1 8 7 ,2 1 6  

D o rsal m esen tery , 9 6 ,2 2 7 ,  2 2 8 /  

derivatives, 2 3 2 /  

o f  esophagus, 104  

D o rsal m eso card iu m , 1 7 7 , 2 1 6  

D o rsal m eso gastriu m , 2 2 7 , 2 3 0 -2 3 1 ,  

2 3 1 /

D o rsal p rim a ry  ram i, 1 5 9 ,1 6 1 ,  312  

D o rs o -v e n tra l (D - V )  axis, 5 9 - 6 4  

D ouble pen is, 272h 

D o w n  syn d ro m e, 19fe-20fc, 2 0 /  

D u ch en n e m u scu lar dystrophy  

(D M D ), 1 6 1 ¿

D u ctu li efferentes, 2 6 3  

D u ctu s arteriosu s, 2 0 4 , 206b, 2 1 3  

closu re  of, 2 1 5  

D u ctu s deferens, 2 6 3 , 2 6 3 /, 2 6 6  

D u ctu s reuniens, 3 4 4  

D u ctu s ven osu s, 2 1 0 , 2 1 2  

closu re  of, 2 1 5  

D u o d en u m , 2 3 4 - 2 3 5 ,2 3 4 / ,  2 3 5 /  

D - V  axis. See D o rs o -v e n tra l axis  

D vl. See D ishevelled  

D ysm orp h ology, 126  

D y strop h in , 161&

E
E a r

abn orm alities, 351í> 

extern al, 3 4 8  

in tern al, 3 4 3 - 3 4 6  

m idd le, 3 4 6 - 3 4 8  

E a rd ru m , 2 8 5 , 2 8 6 , 3 4 8  

E b stein  anom aly, 194&, 1 9 4 /  

E -ca d h e rin , 2 5 5

E C P s. See E m e rg e n cy  con tracep tive  

pills

E c to d e rm , 5 8 , 6 9 - 7 0 ,  9 2 , 341  

E cto d e rm a l germ  layer, 7 3 /  

derivatives, 7 1 - 7 7 ,  7 2 /  

m o lecu lar regu lation  o f  neu ral 

in d u ction , 71  

n eu ral crest cells, 7 5 - 7 7  

n eu ru lation , 7 1 - 7 4  

E cto d e rm a l p laco d es, 2 7 8 , 3 3 4  

E cto p ia  co rd is, 97b, 9 8 /, 200í>

E cto p ic  lu n g  lob es, 224fe 

E cto p ic  pregn ancy, 54í>-55fe, 5 4 /, 5 5 /  

57
E cto p ic  th y m ic  tissue, 288fc

E ctro d acty ly , 172

EfFerent d u cts, 2 7 7

EfFerent du ctules, 2 6 6

EfFerent m o to r  colu m n , 3 1 7 - 3 1 8

E jacu la to ry  d u cts, 2 5 8 , 2 6 6 , 2 7 7

E m b ryo

extern al ap p earan ce d u rin g  seco n d  

m o n th , 8 8 - 9 0 ,  8 9 /,  9 0 /  

som ites an d  age of, 8 0 , 8 0 f  

E m b ryo b last, 4 3 ,  56  

E m b ryo gen esis, 91í>, 1 2 8 ,1 4 0  

E m b ry o n ic  disc, grow th  of, 6 4  

E m b ry o n ic  p erio d , 7 1 - 9 4

ecto d erm al g erm  layer, 7 1 - 7 7  

en d o d erm al g erm  layer, 8 6 - 8 8  

key events, 9 3 f

m eso d erm al g erm  layer, 7 9 - 8 5  

E m b ry o n ic  stem  cells (E S  cells), 45b 

E m e rg e n cy  co n tracep tiv e  pills (E C P s), 

41&

E n am el k n o t, 3 0 2 , 3 0 4  

E n d o card ia l cushions, 1 8 4 ,1 8 5 / ,  193&,

2 1 6
E n d o card iu m , 179  

E n d o ch o n d ral ossification , 1 4 3 ,1 4 4 /  

155
centers, 165

lim b d evelop m en t and, 1 6 5 ,1 6 6 / ,  

174

E n d o crin e  disrup ters, 1 3 3 -1 3 4  

E n d o d e rm , 6 9 - 7 0 ,  2 2 6  

em b ryon ic, 58  

E n d o d e rm a l germ  layer, 8 6 /  9 2 , 93  

derivatives, 8 6 - 8 8  

E n d o lym p h atic  d u ct, 3 4 3 , 351  

E n d o m etriu m , 4 5 , 4 7  

Engrailed-1, 1 6 8 , 3 2 9  

Engrailed-2, 3 2 9

E n teric  n eu ro n s, 75  

E n tero cy sto m a, 2A5b 

Ep h  recep tors, 85  

Epiblast layer, 4 9 ,  56  

E p icard iu m , 1 7 9 , 2 0 5 , 2 8 6  

E p id erm is, 362  

Epididym is, 2 6 6 , 2 7 7  

Epigen ital tubules, 2 6 6  

Ep in ep h rin e, 8 , 342  

Epiphyses, 1 6 5 , 3 2 2  

Epispadias, 272fe

Epithelial en d o d erm al lining, 2 8 4  

E p ith elia l-m esen ch y m al in teraction s, 

6 , 6 /  12 , 7 5 , 2 2 7  
Epith elization , 8 1 ,1 5 6  

E ryth rob lastosis  fetalis, 115í>, 115l>- 

116fe

E ryth rob lasts, 115&

E ry th ro cy te  m o saicism , 120  

ES cells. See E m b ry o n ic  stem  ceUs 

E sop h ag eal atresia, 219b, 2 1 9 /  229fe, 

2 2 9 /
E sop h ag eal h ern ia , 103i>

Esop h agu s, 2 1 8 , 2 2 8 , 2 2 8 /  2 2 9 /  

ab n orm alities, 229&  

d o rsal m esen tery  of, 104  

E strio l, 117

E stro g en , 2 6 6 , 2 6 8 , 2 7 7  

en v iron m en tal, 134  

E u ch ro m atin , 3 , 1 0  

Euploid , 18&

E x cre to ry  system , 2 5 3 , 2 5 4 /

E x cre to ry  u n its, 2 5 3 , 2 7 6  

E x o co e lo m ic  cavity, 5 1 , 5 7  

E x o co e lo m ic  cysts, 52  

E x o m e  sequ encing , 24& -25Í», 33  

E xo n s , 3 , 1 0  

Exstrop h y, 260&, 2 6 1 /

E xtern al au d ito ry  m eatu s, 2 8 5 ,2 8 6 ,  

3 0 4 , 3 4 7 / 3 4 8 ,  351  

E xtern al ear, 3 4 8 , 3 4 9 /

ab n orm alities, 349& -351& , 3 5 0 /  

E xtern al genitalia  

fem ale, 2 7 2 , 2 7 2 /  

indifFerent stage, 2 7 0 ,2 7 0 /  

m ale, 2 7 0 - 2 7 1 ,  2 7 0 /  

defects in , 21\b-272b 

d ifferentiation of, 2 6 8  

E x tra e m b ry o n ic  cavity, 5 1 , 1 1 7  

E xtraem b ry o n ic  co elo m , 57  

E xtraem b ry o n ic  m e so d erm , 5 1 - 5 2 ,  57  

E x tra -u te rin e  pregn ancy, 54b 

Eye

ab n orm alities, 359& -360&  

ch oroid , 3 5 5  

c ü ia ry b o d y , 3 5 4 - 3 5 5  

c o rn ea , 3 5 5

develop m en t, m o lecu lar regulation  

of, 3 5 7 - 3 5 8 ,  3 5 8 /  3 5 9 /  

iris, 3 5 4 - 3 5 5  

lens, 3 5 5

lens vesicle, 3 5 2 - 3 5 4
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optic cup, 352-354 
optic nerve, 357 
retina, 354-355 
sdera, 355
vitreous body, 355-357

Face, 292-296, 295/ 
abnormalities, 197 
development, molecular regulation 

of, 286-288,286/, 287/ 
muscles, 281 
skeletal components, 280 
structures contributing to formation 

of, 296/
Facial clefts, 298&-300&, 299/
Facial nerve, 281, 292 
Facial prominences, 292 
Falciform ligament, 228, 232-233,236 
Falseknots, 119í>
FAS. See Fetal alcohol syndrome 
FASD. See Fetal alcohol spectrum 

disorder 
Fate map, 64, 64/
Fertüization, 38/ 39-42, 39/ 

length of pregnancy and, 125 
phase 1 : penetration of corona 

radiata, 40 
phase 2: penetration of zona 

pellucida, 40 
phase 3: fusión of oocyte and sperm 

ceU membranes, 40-41, 40/ 
results, 42, 48 

Fetal alcohol spectrum disorder 
(FASD), 133 

Fetal alcohol syndrome (FAS), 133 ,133/ 
Fetal circulation, 212-214, 213/
Fetal hydantoin syndromes, 132 
Fetal hydrops, 115l>-116&, 116/
Fetal membranes, 109-110  

intwins, 120, 12 1/  122/
Fetal period, 10 5 ,105f, 125 
Fetal position, 96 
Fetal transfusión, 139 
Fetus papyraceus, 123i>, 123/
FGF. See Fibroblast growth factor 
FGF2. See Fibroblast growth factor 2 
FGF4. See Fibroblast growth factor 4 
FGF8. See Fibroblast growth factor 8 
FGF9. See Fibroblast growth factor 9 
FGFRs. See Fibroblast growth factor 

receptors 
Fibrillin, I72b
Fibroblast growth fector (FGF), 7-8, 

12 ,61,69, 93, I48b 
limb development and, 174 
liver induction, 237 
tooth development and, 304 
upregulation, 71 

Fibroblast growth fector 2 (FGF2), 253 
Fibroblast grovrth fector 4 (FGF4), 

168-169

Fibroblast growth fector 8 (FGF8), 58,
62, 69,81, 168-169, 329 

Fibroblast growth fector 9 (FGF9), 267 
Fibroblast growth fector receptors 

(FGFRs), 8 ,148&
Fibrous joints, 165 
Filum termínale, 314 
Fingernaüs, 365 
FISH. See Fluorescence in situ 

hybridization 
Floor píate, 308, 341 
Fluorescence in situ hybridization 

(FISH), 23&-24Í», 25/
Folate supplementation, 136&
Folie acid, 77b, 3 l7b  
FoUicle-stimulating hormone (FSH), 34 
FoUicular cells, 25, 33, 34, 263, 292 
FoUistatin, 62, 69, 71 
Fontanelles, 145,145/
Footplates, 163 
Foramen cecum, 292 
Foramina of Monro, 307, 324, 341 
Forebrain. See Prosencephalon 
Foregut, 86, 205, 217, 225-226, 

228-236, 249 
duodenum, 234-235 
esophagus, 228 
gallbladder, 236 
Hver, 236 
stomach, 230-233 

Fornix commissure, 326 
Fragüe sites, 23b 
Fragüe X syndrome, 23í>
Fraternal twins, 120,125 
Free (terminal) villi, 68,1 10  
Frizzled (Fz), 8 ,10 ,13  
Frontonasal prominences, 280, 281/ 

292, 294/ 304-305 
FSH. See Foüicle-stimulating hormone 
Fz. See Frizzled

GABA. See 7 -Amino butyric acid 
Galactosemia, 24b 
Gallbladder, 236 

abnormalities, 238í> 
dupUcation of, 238&, 238/

Gametes, 14
abnormal, 32fe, 32/ 
maturation, 25-31 

Gametogenesis, 32
chromosome theory of inheritance, 

15 -17
gamete maturation, 25-31 
PGCs, 14 

Gap junctions, 7,64 
Gartner cyst, 268 
Gastrointestinal tract, 93 
Gastroschisis, 98/ 99b, 243b, 244/ 
Gastrulation, 58, 59/ 60/, 68

fate map established during, 64, 64/ 
teratogenesis associated with, 65b

tumors associated with, 65b-66b  
GDNF. See Glial-derived neurotrophic 

fector 
Genes, 4/ 149f 

expression, 3, 5 
mutations, 17b, 23b-25b  
therapy, 139 

Genetic abnormalities, 24b-25b, 25/ 
Gene transcription

DNA methylation and, 5 
fectors, 4, 4/ 
initiation site, 3 
TATA box, 4, 4/ 
translation initiation site, 3 
translation termination codon, 3 

Genital ducts
development, molecular regulation 

of, 267-268 
in female, 266, 267/ 
indifferent stage, 264,264/ 265/ 
in male, 264-266, 266/

Genital ridges, 261, 261/
Genital swellings, 270, 277 
Genital system, 261-276 

descent of ovaries, 276 
descent of testes, 272-275 
external genitalia, 270-272 
genital ducts, 264-268 
gonads, 261-264 
vagina, 268 

Genital tubercle, 270, 277 
Genomes, 3 ,10  

maternal, 128 
Genomic imprinting, 23i>, 56b 
Germán measles. See Rubeüa 
Germ cells, 16, 261,262/
Germ layers, 58, 69, 70 

ectodermal, 71-77 
endodermal, 86-88 
fourth, 75 
mesodermal, 79-85 

GH. See Growth hormone 
Giemsa-stained, 24b 
Glaucoma, 355 
GUa blasts, 3 1 1  
GUal cells, 7 5 ,3 11 
GUal-derived neurotrophic factor 

(GDNF), 253, 255b, 340b 
Glossopharyngeal nerve, 283, 291,

319,338
GnRH. See Gonadotropin-releasing 

hormone 
Gonadal dysgenesis, 274& 
Gonadotropin-releasing hormone 

(GnRH), 34 
Gonadotropins, 34 
Gonads, 261-262 

ovary, 263-264 
testis, 262-263 

Goosecoid, 62
Graafian foüicles, 27-28, 28/ 33 
Granulosa cells, 27
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Great vessels, 187
transposition of, 199b, 200/, 217 

Growth hormone (GH), 109í> 
Gubernaculum, 272 
Gut

atresias, 246b, 246/ 
rotation defects, 245fe-246fe 
stenoses, 246&, 246/ 
tube, 95-104

development, 226-227, 226/ 227/ 
divisions, 225-226, 225/

Gyri, 326, 326/

H
Hair, 364, 364/ 367

distribution abnormalities, 365fe 
Hand-foot-genital syndrome, 172& 
Handplates, 163 
hCG. See Human chorionic 

gonadotropin 
Head and neck, 278-305, 278/ 

face, 292-296
intermaxillary segment, 296-297 
musculature, 159 ,160í 
nasal cavities, 297-302 
pharyngeal arches, 280-284 
pharyngeal clefts, 286 
pharyngeal pouches, 284-286 
secondary palate, 297 
teeth, 302-304 
thyroid gland, 292 
tongue, 291-292 

Hearing, 348-349 
loss, 349&-351&

Heart defects, 177fe, 191¿-194í>, 
198¿-200í», 198/ 

susceptible stage for induction of, 
20 1í

Heart-hand syndromes, 191b 
Heart progenitor cells, 215 
Heart tube, 177-179 ,178/
Heavy metáis, 135 
Hedgehog proteins, 7-8 ,12 . See abo  

Sonic hedgehog 
Hemangioblasts, 83 
Hemiazygos vein, 2 11 
Hemolytic disease of fetus and 

newborn, 115í>
Hepatic diverticulum, 236 
Hepatic sinusoids, 208 
Hepatocyte growth factor (HGF), 253 
Hepatocyte nuclear transcription 

factors (HNF), 62, 237 
Hermaphrodites, 273b 
Hernias, 275fe-276&. See also specific 

hernias 
Herniated loops, 241-242 
Herniation

physiological, 240,241/ 
physiological umbilical, 117  
umbilical cord, 105 

Herpes simplex virus, 129

Heterochromatin, 3 
Heterotaxy, 66b, 69, 70 
HGF. See Hepatocyte growth factor 
Hiatal hernia, congenital, 230fe 
High-resolution metaphase banding 

techniques, 24b, 33 
Hindbrain. See Rhombencephalon 
Hindgut, 86, 205, 217, 225-226, 247, 

249
abnormalities, 247í>

Hip dislocation, congenital, 173 
Hippocampus, 325 

commissure, 326 
Hirschsprung disease, 340&
HLHS. See Hypoplastic left heart 

syndrome 
HNF. See Hepatocyte nuclear 

transcription factors 
Holoprosencephaly (HPE), 65b, 300&, 

301/ 530b, 3 3 1/  360b 
Holt-Oram syndrome, 172&, 191í> 
Homeobox genes (HOX), 71, 89/ 93, 

174, 227
anteroposterior axis regulation 

and, 88
brain development and, 328-329 
limb development and, 168 
tooth development and, 304 

Homocystinuria, 24b 
Homologous chromosomes, 16, 32 
Hormonal contraceptive methods, 41b 
Hormones, 1 16 - 1 17

birth defects and, 133-134  
receptor complex, 268 

Horseshoe kidney, 257b, 258/ 276 
Horseshoe-shaped tube, 176 
HOX. See Homeobox genes 
H0XA13, 172b 
H0XB8, 168
HPE. See Holoprosencephaly 
HRHS. See Hypoplastic right heart 

syndrome 
5-HT. See Neurotransmitter serotonin 
Human chorionic gonadotropin 

(hCG), 37, 54b, 117  
Hyaline cartüage models, 143,164,165/ 
Hyaline membrane disease, 224, 224b 
Hydatidiform mole, 56b 
Hydramnios, 119 ,125  
Hydrocele of testis and/or spermatic 

cord. 275b, 276/
Hydrocephalus, 333b, 333/ 341 
Hydrocodone, 132 
Hymen, 268 
Hyoid artery, 202 
Hyperthermia, 129-131 
Hypertrichosis, 365b, 365/ 
Hypertrophic cardiomyopathy, 191¿ 
Hypoblast layer, 49, 56 
Hypochondroplasia, 148b 
Hypoglossal nerve, 292, 317 
Hypophysis, 323-324, 324b

Hypoplasia, 238b 
Hypoplastic left heart syndrome 

(HLHS), 191b, 192/
Hypoplastic right heart syndrome 

(HRHS), 191b, 192/
Hypospadias, 271b, 271/ 
Hypothalamus, 323, 341 
Hypoxia, 135

I
lAA. See Interrupted aortic arch 
Ichthyosis, 363b
ICSI. See Intracytoplasmic sperm 

injection 
Identical twins, 120 
IGF-I. See Insulin-like growth factor-I 
IL-1(5. See Interleukin-1 (3 
Ileal diverticulum, 245b 
Illicit drugs, 133 
Imperforate anus, 247b 
Implantation, 57 

abnormal, 54b-56b 
uterus and, 45-48, 46/ 47/ 

Imprinting, 5, 12, 23b, 32, 56b 
Inborn errors of metabolism, 24b 
Incisive foramen, 297,298b 
Incus, 147, 280, 346, 347/
Indifferent gonad, 262, 262/ 263/ 
Infectious agents, 129 

pyrogenic, 13 1 
Inferior vena cava

absence of, 2 1 1 b, 212/  
double, 2 1 1 b, 212/  
hepatocardiac portion of, 208 
renal segment of, 2 11  
valve of, 184 

Infertility, 41b-42b, 48 
Infundibulum, 324 
Inguinal hernia, 275b, 276/
Inheritance, chromosomal theory of, 

15 -17  
Inner cell mass, 48, 56 
Insulin, 134 

secretion, 238 
Insulin-like growth factor-I (IGF-I), 

109b 
Integrins, 7 
Integumentary system

fingernails and toenaüs, 365 
hair, 364
mammary glands, 365-366 
skin,362-364 
sweat glands, 365 

Intellectual disability, 333b 
alcohol and, 133 

Interleukin-ip (IL-1(3), 223 
Intermaxillary segment, 296-297, 297/ 
Intermedíate mesoderm, 64, 79, 82-83, 

92, 96
Internal ear, 343-346, 343/ 351 
Internal pudendal arteries, 247 
Interrupted aortic arch (lAA), 207b, 208/
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Interstitial cells of Leydig, 262 
Interventricular foramen, 197 
Interventricular septum, 197, 216 
Intervillous space, 110 ,12 5  
Interzone, 164,165 
Intestinal loop, primary, 239, 240/ 
Intestinalloops, 105, 243/ 

duplications of, 245fe 
mesenteries of, 242 
reversed rotation of, 245 

Intracytopiasmic sperm injection 
(ICSI), 42b, 48,134 

Intramembranous ossification, 143, 
144/ 145,155 

Intrauterina device (lUD), 4 lb  
Intrauterina growth restriction (lUGR), 

I09b 
Introns, 3, 5 ,10  
Invagination, 58, 68 
In vitro fertüization (IVF), 42&, 45b 

birth defects and, 134 
lodine deficiency, 135 
lonizing radiation, 13 1 
Iridopupülary membrane, 355, 356/ 

359¿,360/
Iris, 353-355, 356/
Isoimmunization, 115fo 
Isotretinoin (Accutane), 13 1, 350í> 
Isthmus, 329
lUD. See Intrauterine device 
lUGR. See Intrauterina growth 

restriction 
IVF. See In vitro fertüization

J
JAGl, 198b 
Joint capsule, 165 
Juxtacrine signaling, 6 -7 ,12

K
Kartagener syndrome, 66b 
Keratinization of skin, 363&
Kidney

abnormal location, 257b, 258/ 
ascent of, 257
development, molecular regulation 

of, 253-255,254/ 
function, 257 
position, 257 
systems, 250-251 

Kinase, 6, 1 2  
Kleeblattschádel, 148&
Klinefelter syndrome, 21fe, 273fc-274í> 
Klipper-Feil sequence, 153í>
Kupffer cells, 236

Labia majora, 270, 272,277 
Labia minora, 272, 277 
Labor, 120 
Lacrimal sac, 295 
Lamina terminales, 324, 326, 341

Laminin, 7, 255 
Lanugo hair, 105, 364, 367 
Laron dwarfism, 109b 
Laryngeal nerves, 204-205, 220, 291 
Laryngeal orífice, 218, 291 
Larynx, 220,220/ 283 
Last normal menstrual period 

(LNMP), 105, 125 
Lateral cervical cyst, 288b, 289/ 
Laterality, 62

birth defects associated with, 
65b-66b 

defects, 6 3 ,177b 
sequences, 181b 

Lateral píate mesoderm, 64, 79, 92, 96, 
103

axial skeleton and, 143 
head formation and, 278 
mesodermal germ layer and, 83, 83/ 
parietal layer of, 159 

LBW. See Low birth weight 
Lead, 135
Left-right (L-R) axis, 59-64, 62, 63/ 
Lens, 355

placodes, 76-77 
vesicle, 352-354, 352/

Lentiform nucleus, 325 
Lesser omentum, 227, 232-233, 234/, 

236
Lexapro. See Selectiva serotonin 

reuptake inhibitors 
LH. See Lutainizing hormone 
Ligamentum artariosum, 206b, 215 
Ligamentum teres hepatis, 210, 215, 

217
Ligamentum venosum, 210, 215, 217
LIM l, 69, 328
Limbs

defects, 170b-173b 
growth and development, 163-165, 

163/
molecular regulation of, 168-170, 

168/ 169/ 
innervation, 167,167/ 
musculature, 156, 159-16 1, 166- 

170,166/ 
transverse, defects, 173 

Linked genes, 15 
Lithium, 132 
Liver, 93

abnormalities, 238b 
formation, 233, 233/ 234/ 
induction, molecular regulation of, 

236-237 
LNMR See Last normal menstrual 

period 
Loop of Henle, 253 
Low birth weight (LBW), 109b, 125 
L-R  axis. See Left-right axis 
L-transposition of the great arteries, 

191b
Lumbar curvature, 153

Lungs, 220-221,221/
bud formation, 218, 218/ 219/ 223 
congenital cysts of, 224b 
maturation, 222-223, 222/ 223í 

Luteinizing hormone (LH), 28, 34 
Lymphatic system, 215, 217 
Lymph sacs, 215

M
Maculaa acusticae, 346 
MAIS. See Mild androgan insansitivity 

syndrome 
Male “pill,” 41b
Malformations, 127, 140, 316b 

congenital, 126
teratogens associated with, 130f 

Malleus, 147, 280, 346-348, 347/ 
Mammary glands, 365-367, 366/ 

abnormalities, 366b 
Mandible, 146, 280 
Mandibular procass, 146, 280 
Mandibular prominencas, 280, 281/, 

292, 294/ 304 
Mandibulofacial dysostosis, 289b 
Mantle layer, 307-308 
Marfan syndrome, 172b 
Maternal antibodias, transmission of, 

116
Maternal disease

birth defects and, 134-135 
heart defects, 191b 

Maternal serum screening, 136, 
137-138 ,140  

Mature vesicular follicles, 27-28,28/ 33 
Maxilla, 146,280, 295 
MaxiUary 

artery, 202 
process, 146, 280
prominencas, 280,281/ 292,294/ 304 

Meckel cartilage, 146, 280 
Meckel divarticulum, 245b 
Meckel-Gruber syndrome, 256b 
Medial umbilical ligaments, 205, 214,

217
Medulla, 75, 263, 338, 342 
Medulla oblongata, 317, 341 
Medullary cords. See Tastis 
Megacolon, congenital, 247b, 340b 
Meiosis, 18b

crossover, 16 -17 ,16 /  
polar bodies, 17 ,17 /

Melanocytes, 75, 367 
Meningocelas, 147b, 147/ 331b, 331/ 
Meningoencaphaloceles, 331b, 331/ 

332b,332/ 
Meningohydroancephaloceles, 331b, 

331/
Menstrual phase, 45,47 
Mercury, 135
MeromaUa, 1 3 1 , 170b, 17 1/ 
Mesencephalon (midbrain), 306, 320/ 

321-322, 341
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Mesenchyme, 75,143 
Mesenteries, 227-228, 272.

See ab o  Dorsal mesentery;
Ventral mesentery 

abnormalities of, 243b 
of intestinal loops, 242 

Mesoderm, 69-70, 75. See abo
Intermedíate mesoderm; Lateral 
píate mesoderm; Paraxial 
mesoderm 

embryonic, 58 
metanephric, 251, 252/ 
muscles and, 161 

Mesodermal germ layer, 79/, 92 
blood and blood vessels, 84/ 

molecular regulation of, 83-85 
derivativas, 78-85 

Mesoduodenum, 227 
Mesonephric ducts, 259/ 264, 268, 277 
Mesonephros, 250-251, 25 1/ 252/ 276 
Mesothelial membranes, 83 
Metanephros (permanent kidney), 250, 

251/276
mesoderm, 251,252/ 

Metencephalon, 306, 320, 32 1/ 341 
Microarrays, 24b, 33 
Microcephaly, I52b, 152/ 333b, 333/ 
Microdeletions, 23fe, 32 
Microglial cell, 3 11  
Micromelia, 170b 
Micropenis, 272b 
Microtubules, 15 
Midbrain. See Mesencephalon 
Middle ear, 346-348, 351 

cavity, 285, 304 
Midgut, 86, 205, 217,225-226, 

239-242, 249
mesenteries of intestinal loops, 242 
physiological herniation, 240, 241/ 
retraction of herniated loops, 

241-242 
rotation, 240-241, 241/

Mild androgen insensitivity syndrome 
(MAIS), 273b 

Milk teeth. See Deciduous teeth 
Miller-Dieker syndrome, 23í>
Mitosis, 15 - 16 ,15 /
Mitralvalve, 190 
Mittelschmerz, 36b 
MMF. See Mycophenolate mofetil 
Molecular regulation and signaling, 

3-13
ceU signaling, 6-8 
gene expression regulators, 5 
gene transcription, 3-5 
induction and organ formation, 5-6 
key signaling pathways for 

development, 8-10  
Monosomies, 32
Monozygotic twins, 120, 122/ 125 
Mórula, 43,48 
Mosaicism, 18b, 120

Motor innervation, 103 
Motor neurons, 341 
MRFs. See Myogenic regulatory factors 
MRTFs. See Myocardin-related 

transcription factors 
MüUerian ducts. See Paramesonephric 

ducts
Multicystic dysplastic kidney, 255b 
Muscular dystrophy, 161b 
Muscular interventricular septum, 197 
Muscular system

axial skeletal muscle innervation, 
157-159 

cardiac muscle, 160 
development, molecular regulation 

of, 159 
head musculature, 159 
limb musculature, 159-160 
patterning of muscles, 159 
skeletal muscle and tendons, 159 
smooth muscle, 160 
striated skeletal musculature, 

156-157 
Mutations

gene, 17i>, 23b-25í>
SHH, 330fe
transcription factor, 331b 

Mycophenolate mofetil (MMF), 132 
Myelencephalon, 306, 317-320, 318b, 

341 
Myelin, 313 
Myelination, 313, 313/
Myoblasts, 159 
Myocardin, 160
Myocardin-related transcription 

factors (MRTFs), 160 
Myocardium, 179
Myogenic regulatory factors (MRFs), 

159
Myometrium, 45, 266 
Myotome, 82, 92, 158/ 

innervation, 156

N
Nasal cavities, 297-302, 301/ 327/ 
Nasal conchae, 305 
Nasal pits, 295
Nasal (olfactory) placodes, 281/ 292, 

294/ 334 
Nasal prominences, 280, 295, 305 
Nasal septum, 297 
Nasolacrimal duct, 295 
Natal teeth, 304b 
Neck. See Head and neck 
Neopallium, 326 
Nephrogenic cord, 83 
Nerve cells, 309-311, 313/
Neural crest, 75, 76/ 278, 307/ 

axial skeleton and, 143 
derivativas, 77í
induction, molecular regulation of,

75-77

Neural crest cells, 75-77 ,147b, 159,217 
aortic arches, 202 
cardiac, 195-197,197/
CNS and. 334, 342 
cranial nerve ganglia and, 336f 
craniofacial defects and, 288b-289b, 

290/
melanocytes and, 367 
spinal cord, 3 11 

Neural folds, 71, 306, 306/ 341 
Neural grooves, 71, 307/
Neural induction, molecular regulation 

of,71
Neural píate, 71, 306, 306/
Neural tube, 71, 306, 308/ 310/ 341 
Neural tube defects (NTDs), 77b, 78/ 

315b-317b ,316/
PC? pathway and, 10 

Neurilemma sheath, 313 
Neuroblasts, 308-309, 3 11 , 3 11/  
Neurocranium, 143 ,145/ 155 

cartüaginous, 146 
membranous, 145 

Neuroectoderm, 71 
NeuroepitheUal ceUs, 207, 309/ 310/ 
NeuroepitheUal layer, 207-208 
NeuroepitheUum, 308 
Neuromeres, 80 
Neurons, 3 11
Neurotransmitter serotonin (5-HT),

63, 66b
Neurulation, 71-74, 73/ 74/ 75/ 95 
Nipple, 366 

inverted, 366b 
Nodal, 61, 69

expression, 62-63 
Noggin, 62, 69, 71, 82 
Norepinephrine, 8,12 , 342 
Nose, 295-296 
Notch, 80, 198b

pathway, 6, 10 ,12 /  85 
Notochord

formation, 58-59, 61/ 
píate, 58, 69 

nRNA. See Nuclear RNA 
NTDs. See Neural tube defects 
Nuchal translucency, 137,140 
Nuclear RNA (nRNA), 5 
Nutritional deficiencies, 135

O

Obesity, 135
Oblique facial clefts, 300b 
OCA. See Oculocutaneous albinism 
Occipital somites, 292 
Oculoauriculovertebral spectrum, 291b 
Oculocutaneous albinism (OCA), 363b 
Oculomotor nerves, 318, 338 
Odontoblasts, 302, 305 
Olfactory bulbs, 326, 327/ 
Oligodendroglial cell, 3 11 , 313 
Oligohydramnios, 119 ,12 5
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Omental bursa, 231, 232/
OMI. See Oocyte maturation inhibitor 
Omphalocele, 99b, 99/, 243fe, 244/ 
Omphalomesenteric vein, 183, 208 
Oocyte, 15

cell membrane, 48 
definitive, 40 
formation, 19b 
maturation, 25-29, 26/, 28/ 
sperm cell membranes and, 40-41, 

40/
transport, 36, 37/

Oocyte maturation inhibitor (OMI), 27
Oogénesis, 25-29, 33
Oogonia, 25,26/ 33
Opioids, 132
Optic chiasma, 328
Optic cup, 352-354, 352/ 353/
Optic nerve, 357, 357/
Optic vesicles, 361 
Oral contraceptivas, 134 
Organ formation, 5-6 
Organic mercury, 135 
Organ of Corti, 343-344, 345/ 351 
Organogénesis, 5-6, 9 lb . See also 

Embryonic period 
Oronasal membrane, 297 
Oropharyngeal membrane, 58, 87,

177, 178/
Oropharyngeal teratoma, 15 ,15 /  
Ossicles, 346-348, 351 
Ossification, 10 5 ,154b. See also 

Endochondral ossification; 
Intramembranous ossification 

Osteoblasts, 143
Osteogenesis imperfecta, 172b, 172/ 
Ostium primum, 187, 216 

defect, 194b 
Ostium secundum, 18 7 ,191&, 192/ 216 
Otic placodes, 76, 334, 343 
Oüc vesicles, 77, 343, 344/ 351 
Oval foramen, 187, 216 

closureof, 193fe, 215 
Ovarían cycle, 34-38, 35/ 36/

Corpus albicans, 36-37 
Corpus luteum, 36, 37/ 
oocyte transport, 36, 37/ 
ovulation, 34-36, 37/

Ovarían meduUa, 263 
Ovary, 263-264, 264/ 

descent, 276 
Ovulation, 34-36, 37/ 47 
Oxycodone, 132

Pacemaker, 201
PAIS. See Partial androgen insensitivity 

syndrome 
Palate

cleft, 298b 
primary, 300& 
secondary, 297, 297/ 298/

Palatine shelves, 297, 297/
Palatine tonsils, 285, 304 
PaleopaUium, 326 
Pancreas, 93, 237/ 238-239 

abnormalities, 239í>, 239/ 
development, molecular regulation 

of, 239
Pancreatic and duodenal homeobox 1 

(PDX) gene, 239 
Pancreatic islets (of Langerhans), 238 
Papillary muscles, 190 
Paracrine signaling, 6,1 2  

factors, 7-8 
molecules, 8 

Paradidymis, 266 
Parafollicular ceUs, 285, 292 
Paragenital tubules, 266 
Paramesonephric ducts (MüIIerian 

ducts), 264, 266, 277 
regression of, 267 

Paranasal sinuses, 301, 305 
Parasternal hernia, 103& 
Parasympathetic nervous system, 338, 

339/ 342
Parathyroid gland, 93, 285/ 288í>, 304 

inferior, 285 
superior, 286 

Paraxial mesoderm, 64, 78-79, 79/ 92, 
96, 278

axial skeleton and, 143 
skeletal muscle and, 156 
somite differentiation, 81-82 
somite formation, 80-81 

Parenchyma, 88, 93, 226, 236 
Parietal layer, 78, 83, 83/

of lateral píate mesoderm, 159 
of serous membranes, 96,103 

Pars óptica retinae, 354, 354/
Partial androgen insensitivity 

syndrome (PAIS), 273b 
Parturition (birth), 108,120 ,125 
Patched (Ptc), 8 ,13  
Patent ductus arteriosus (PDA), 206b 
Paternal age, advanced, 135 
PAX2, 357, 359&
PAX3, 82, 363fe 
PAX6, 239, 357, 360fe 
Paxñ. See Selective serotonin reuptake 

inhibitors 
PCP. See Planar cell polarity 
PDA. See Patent ductus arteriosus 
PDGF. See Platelet-derived growth factor 
PDX gene. See Pancreatic and duodenal 

homeobox 1 gene 
Pectus carinatum, 155&
Pectus excavatum, 155í>
Pelvic kidney, 257i>, 276 
Penile urethra, 270 
Penis, defects in, 272b 
Pericardial cavity, 96 ,10 1,10 3,104 ,176  
Pericardioperitoneal canals, 10 1 ,10 1/  

220-221,221/ 222/

Pericardium, 10 1,179  
Perimetrium, 45, 266 
Perineal body, 257 
Peritoneal cavity, 96,103-104 
Peritoneal ligaments, 227 
Peritoneum, 104 

double layers of, 96 
Permanent kidney. See Metanephros 
Persistent (common) truncus 

arteriosus, 198&, 199/
PGCs. See Primordial germ cells 
Phallus, 270, 277 
Pharmaceutical drugs, 13 1- 13 2  
Pharyngeal arches, 220, 278, 279/ 

279f, 304 
first, 280-281 
second, 281 
third, 283 
fourth, 283-284 
sixth, 283-284 
cartilages, 283/ 284/ 
muscular components, 280 
nerve supply, 282/

Pharyngeal clefts, 279, 286, 304 
Pharyngeal hypophysis, 324b 
Pharyngeal pouches, 279,280/ 284/ 

304
first, 284-285 
second, 285 
third, 285 
fourth, 286 
derivatives, 285f 

Pharyngeal región, birth defects 
involving, 288b-291b 

Phenothiazine, 132 
Phenylketonuria (PKU), 24b, 134-135 
Phenytoin. See Diphenylhydantoin 
Pheochromocytomas, 340&
PHF. See Primary heart field 
Phocomelia, 129/ 170fe, 17 1/
Phrenic nerves, 10 1,10 3  
Physiological herniation, 240,241/
Pia mater, 320 
Piebaldism, 363b 
Pigmentary disorders, 364fo 
Pineal body, 322 
Pituitary gland, 323-324 
PKD. See Polycystic kidney disease 
PKU. See Phenylketonuria 
Placenta, 43, 10 9 -110 ,114 /  125 

barrier, 117& 
circulation of, 1 13 - 1 1 5  
delivery of, 120
end of pregnancy changes in, 118  
exchange of gases, 116 
exchange of nutrients and 

electrolytes, 116 
fetal portion, 1 1 2 , 1 1 3  
full-term, 1 1 3 , 1 15 /  
function of, 1 16 - 1 17  
hormone production, 1 16 - 1 17  
maternal portion, 1 12 ,1 1 3
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Placenta (continued)
structure of, 1 1 2 - 1 1 7 , 1 1 3 /  
transmission of maternal antibodies, 

116
Placental barrier, 115  
Placental lactogen, 117  
Placenta previa, 54b 
Plagiocephaly, 148&
Planar cell polarity (PCP), 9 -10 ,13  
Platelet-derived growth factor (PDGF), 

85
Pleural cavity, 96, 101, 103, 104,221 
Pleuropericardial membranes, 10 1,104  
Pluripotent cells, 45&
Poland sequence, 160¿, 161/
Polar bodies, 17, 17/ 28, 40 
Polycystic kidney disease (PKD), 255&, 

255/
Polydactyly, 170fe, 17 1/ 
Polyhydramnios, 119 , 230í>, 332i> 
Polymastia, 366b, 367 
Polymerase chain reaction, 45fe 
Polymorphisms, 24&-25i>
Polyspermy, 40 
Polythelia, 366b, 366/ 367 
Pons, 320, 341
Posterior (caudal) neuropores, 71-72, 

306
Postmature birth, 108 
Post-translational modifications, 5 ,12  
Potter sequence, 255b 
Pouch ofDouglas, 55fe 
Prader-Wüli syndrome, 23í>, 24/, 32 
Preantral follicle, 33 
Preauricular appendages and pits, 350/, 

351¿
Prechordal chondrocranium, 146 
Prechordal píate, 58 
Preeclampsia, lili»
Pregnancy

length of, 105, 125 
retreat from maintenance of, 124, 

U4b
Premature birth, 10 8 ,124b, 350b 
Premature fusión of sternal segments, 

154¿-155í»
Premature rupture of membranes 

(PROM), 119&
PremaxiUa, 280 
Prenatal diagnosis 

amniocentesis, 138 
CVS, 138-139
maternal serum screening, 137-138  
ultrasonography, 136-137 

Prenatal infections, 350&
Preterm birth, 109&, 124&
Primary heart field (PHF), 215 

estabhshment and patterning of, 
175-176 ,17 5/ 176/

Primary ovarian pregnancy, 56í> 
Primary palate, cleft, 298í>
Primary villi, 52, 53/ 56, 67, 67/ 70

Primaxial domain, 15 6 ,158f, 161 
Primitive left ventricle, 18 1 ,18 1/  
Primitive node, 68, 306 
Primitive right ventricle, 18 1 ,18 1/  
Primitive sex cords, 262, 262/
Primitive streak, 58, 62/ 68 
Primordial follicle, 26, 27/ 33, 263 
Primordial germ cells (PGCs), 14, 32, 

65&, 277
oogonia and differentiation of, 25, 

26/
teratomas and, 14b, 14/

Probe patency, 187, 216 
Processus vaginalis, 275 
Proctodeum, 87, 247 
Progenitor heart cells, 175 
Progesterone, 36 ,116  
ProHferative phase, 45,47 
PROM. See Premature rupture of 

membranes 
Pronephros, 250, 250/ 25 1/  276 
Pronucleus, 48
Prosencephalon (forebrain), 306, 322/

341
diencephalon, 322-324
telencephalon, 324-328 

Prostate gland, 260 
Proteoglycans, 7 
Prozac. See Selective serotonin 

reuptake inhibitors 
Prune beUy syndrome, 16 0 b-l6 lb , 161/ 
Ptc. See Patched 
Pulmonary arch, 204 
Pulmonary artery, 200b 
Pulmonary channels, 185,195 
Pulmonary infundibular stenosis, 198¿ 
Pulmonary trunk, 202 
Pulmonary vein, 187-189, 216 
Purkinje fibers, 160 
Pygopagus twins, 124/
Pyloric stenosis, 235b

RA. See Retinoic acid 
Radial nerve, 167 
Radiation, 13 1 
Radical fringe, 168,168/
Radius, congenital absence or 

deficiency of, 173b 
Rathke’s pouch, 323 
Rays, 91b
RDS. See Respiratory distress syndrome 
Recessive mutation, 24b, 32 
Rectoanal atresias, 247b 
Rectouterine cavity, 55b, 55/ 
Rectovaginal fístulas, 248/ 247b 
Recurrent laryngeal nerves, 204-205 
5-a-Reductase defíciency (5-ARD), 273b 
Renal agenesis, 255b 
Renal coloboma syndrome, 359b 
Renal corpuscle, 251 
Renal defects, 255b-256b

Renal dysplasias, 255b 
Renal pelvis, 251, 253,253/ 276 
Renal tumors, 255b-256b 
Reproductive cloning, 45b 
Resegmentation, 153 
Respiratory bronchioles, 222 
Respiratory distress syndrome (RDS), 

224, 224b 
Respiratory diverticulum, 218, 228, 

229/
Respiratory system, 223-224 

bronchi, 220-221 
larynx, 220
lung bud formation, 218, 218/ 219/ 
lung maturation, 222-223 
lungs, 220-221 
trachea, 220-221 

Respiratory tract, 93 
Rete testis, 262, 263/
RET gene, 340b 
Reüna, 353-355, 354/
Retinoic acid (RA), 71, 81, 169,182, 328 

heart defects, 191b 
lung buds and, 218 

Retinoids, 136b, 328 
Retroperitoneal organs, 227 
Retroperitoneal position, 232,235 
Rh antigen, 116b
Rhombencephalic isthmus, 306, 330/

342
Rhombencephalon (hindbrain), 306, 

318/ 341
cerebellum, 320-321 
metencephalon, 320 
myelencephalon, 317-320 

Rhombic Hps, 320 
Rhombomeres, 304, 328 
Ribs, 154-155 

defects, 154b 
Rickets, 304b
Right atrium formation, 187-189 
Right subclavian artery, 206b, 207/ 
Ring constrictions, 119b, 119/
RNA polymerase, 3 ,10
Robin sequence, 290b-291b, 290/
RubeUa (Germán measles), 12 9 ,191b

Saccule, 343-344, 351 
Sacrocardinal veins, 210, 2 11 
Sacrococcygeal teratomas, 65b, 66/  
Saethre-Chotzen syndrome, 148b 
Scala tympani, 344, 345/
Scala vestibuli, 344, 345/
Schwann cells, 75, 313 
Sclera, 355, 356/
Sclerotome, 82, 92, 143, 155, 156 
Scoliosis, 153b 
Scrotal sweUings, 270-271 
Sebaceous gland, 364, 364/ 367 
Secondary heart field (SHF), 175 ,176/ 

215
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Secondary palate, 297, 297/, 298/ 
cleft, 298b 

Secondary villus, 67, 67/ 
Secretory/progestational stage, 36, 45 
Segmental bronchi. See Tertiary 

bronchi 
Segmentation dock, 80 
Selectiva serotonin reuptake inhibitors 

(SSRIs), 66b, 132 
Semicircular canals, 343, 344/ 346, 351 
Semilunar valves, 197,197/ 198/ 
Seminiferous tubules, 29, 263 
Sensory ganglia, 75, 3 1 1  
Sensory innervation, 103,167,167/ 
Sensory neurons, 341 
Sensory relay nuclei, 319 
Septum primum, 216 
Septum secundum, 187, 216 
Septum spurium, 183 
Septum transversum, 96,100,100/

104, 227, 236 
Serotonin, 8,12 , 63 
Serous membranes, 83, 96 
Sertoli cells, 29, 29/ 266 
Serum response factor (SRF), 160 
Sex chromosomes, 15 
Sex determination, 42, 48, 261 
Sexual cycles, 34 
Sexual development disorders, 

273¿-274í»
SFl. See Steroidogenesis factor 1 
SGA. See SmaU for gestational age 
SHF. See Secondary heart field 
SHH. See Sonic hedgehog 
Signal transduction pathways, 6-7,

7/ 12
Single gene mutation, 24b, 32 
Sinuatrial node, 201 
Sinuatrial orifice, 183 
Sinus horns, 183 
Sinusoids, 51, 208 
Sinus tubercle, 264 
Sinus venarum, 184,189 
Sinus venosus, 183-184,184/216  
Sirenomelia, 65í>, 65/
Situs ambiguous, 66b, 69 
Situs inversus, 65b, 69,181&
Skeletal dysplasias, 148fe 
Skeletal muscles 

striated, 156, 157/ 
tendons and, 159 

Skin, 362/
dermis, 362-364 
epidermis, 362 
keratinization of, 363i>

Skull, 143-147
neurocranium, 145 
newborn, 145-146, 145/ 
viscerocranium, 146-147 

SmaU for gestational age (SGA), 109í> 
Smith-Lemli-Opitz syndrome, 33lb  
Smooth muscle, 156,160,162

Somatic efferent group, 3 17 
Somatic nuclear transfer, 45í> 
Somatomammotropin, 117  
Somatopleure, 96 
Somites, 92

age of embryo and, 80, 80í 
development of, 143,143/ 
difFerentiation, 81-82, 81/

molecular regulation of, 82, 82/ 
formation, molecular regulation of, 

80-81,81/ 
muscular components from, 104 
skeletal muscle, 156,158/ 

Somitomeres, 80,143
skeletal muscle, 156,158/

Sonic hedgehog (SHH), 13, 82, 92,169, 
174, 330/

eye development and, 357 
gut tube development, 227 
mutations, 330i> 
pancreas development, 239 
signaling pathway, 8-9, 9/ 
tooth development and, 304 

Sperm, 15, 29-31 
Spermatic cord, 275b, 276/
Spermatids, 29, 33 
Spermatocytes, 29 
Spermatogenesis, 29-31, 3 1/  33 
Spermatogonia, 29, 30/
Spermatozoa, 29
Sperm cell membranes, 40-41, 40/ 
Spermiogenesis, 31, 3 1/
Sphincter mechanism, 212 
Sphincter pupülary muscle, 322 
Spina bifida, 77b, 78/ 154/ 3 17/ 341 

cystica, 154b 
occulta, 315ÍJ 

Spinal cord, 74, 310/ 341 
alar plates, 308 
basal plates, 308 
floor plates, 308 
glial ceUs, 3 11 
gray matter of, 308 
histological difFerentiation, 309-313 
mantle layer, 307-308 
marginal layer, 307-308 
myeünation, 3 13 
nerve cells, 309-311 
nerve difFerentiation, molecular 

regulation of, 3 14-315, 315/ 
neural crest cells, 3 1 1  
neuroepithelial layer, 307-308 
positional changes, 3 13-314 , 314/ 
roof plates, 308 
spinal nerves, 3 11-3 13  
white matter of, 308 

Spinal nerves, 3 1 1 - 3 13  
dorsal root of, 314 
dorsal sensory root of, 3 11  
ventral motor root of, 3 1 1 , 312/ 
ventral root of, 314 

Spinous process, 152

Splanchnic mesoderm layer, 79, 96, 
10 3,162,218  

smooth muscle and, 156 
Spleen, 93 
Splicing

alternative, 5, 5/ 
isoforms, 5 ,12  

Spontaneous abortions, 45b 
birth defects and, V7b-25b 

SRF. See Serum response factor 
SRY (sex-determining región on Y) 

gene, 261,267, 277 
SSRIs. See Selective serotonin reuptake 

inhibitors 
Stapedial artery, 202 
Stapes, 147, 281,350b 
Statoacoustic ganglion, 346 
Stem cells 

adult, 45b 
embryonic, 45b 
hematopoietic, 83, 85 
transplantation, 139 

Stem vilh, 68 
Sterilization, 4 lb
Sternocleidomastoid muscle, 288& 
Sternum, 154 ,155 

defects, 154b-l55b  
Steroidogenesis factor 1 (SFl), 267, 277 
Stigma, 34 
Stomach, 230-233 

abnormalities, 235& 
rotation, 230,230/

Stomodeum, 87, 323 
Subcardinal veins, 210 

anastomosis between, 2 1 1  
Sulcus hmitans, 308 
Superior mesenteric arteries, 205, 217, 

235,239, 240,242 
Superior mesenteric vein, 210 
Superior vena cava, 2 11 

double, 2 1 1 b, 212/  
left, 2 1 1 ^ ,212/

Suprarenal gland, 338, 340, 340/ 342 
Surfactant, 222, 224b 
Sustentacular cells, 29 

of Sertoli, 262 
Sutures, 145 
Sweat glands, 365, 367 
Sympathetic nervous system, 334-338, 

336/ 337/ 342 
Synapsis, 16 
Syncytial knots, 110  
Syncytiotrophoblast, 49, 50/ 56 
Syndactyly, 170b, 17 1/
Syndecan, 255 
Synophthalmia, 360b, 360/
Synovial joints and membranes, 165 
Synpolydactyly, 172b

TAPVR. See Total anomalous 
pulmonary venous return



Index

TATA box, 4, 4/, 10 
T-box, 62 
TBX4,168, 218 
TBX5,172b, 182, 191b

limb development and, 168 
Tectorial membrane, 344 
Teeth, 302-303, 302/ 

abnormalities, 304& 
deciduous teeth, 303, 303/ 
development, molecular regulation 

of, 304 
permanent, 303, 305 

TEFs. See Tracheoesophageal fístulas 
Tela choroidea, 320 
Telencephalic vesicle, 330í> 
Telencephalon, 306, 322, 325 

cerebral hemispheres, 324-326 
commissures, 326-328 
cortex development, 326 
CSF, 328 

Temporal bone, 146, 280, 281 
Teratogenesis, 65fe, 135 
Teratogens, 128

dose and duration of exposure, 129 
malformations and, 130í 

Teratology, 126
ofFallot, 198¿, 199/ 
principies of, 128-129 

Teratomas
PGCs and, 14b, 14/ 
sacrococcygeal, 65b, 66/

Terminal sulcus, 291 
Terminal villi. See Free villi 
Tertiary (segmental) bronchi, 221 
Tertiary villus, 67-68, 67/ 68/  
Testes-determining factor, 261, 277 
Testis, 262-264, 263/

descent, 272-275, 274/ 275/ 
hydrocele of, 275í>, 276/ 

Testosterone, 262, 267, 277 
receptor complexes, 268 

Tetracyclines, 304&
Tetralogy ofFallot, 187 
TGF-(3. See Transforming growth 

factor-p 
Thalamus, 323, 341 
Thalidomide, 128, 129/ 13 1 

heart defects, 191i> 
limb defects, 170b 

Thanatophoric dysplasia, 148&, 15 1/  
Theca folliculi, 27 
Therapeutic cloning, 45b 
Thoracic cavity, 100-101,10 4  
Thoracic duct, 2 15 ,2 17  
Thoracopagus twins, 124/
Thymus, 285, 285/ 304 
Hiyroglossal cyst, 293, 293/ 294/ 
Thyroglossal duct, 292, 293i> 
Thyroglossal fístula, 293í>
Thyroid, 93, 220, 283 

abnormalities, 293& 
gland, 292, 293/ 304

Thyroxine, 292 
Time of birth, 108 
Toenails, 365 
Tongue, 291-292, 292/
Tongue-tie, 292b 
Tonsillar fossa, 285 
Topamax (topiramate), 132 
Total anomalous pulmonary venous 

return (TAPVR), 189fe, 216 
Toxoplasmosis, 13 1 
Trachea, 218, 220-221, 221/ 
Tracheoesophageal fístulas (TEFs), 

219&.219/229&, 229/ 
Tracheoesophageal septum, 218, 223, 

228, 229&
Transcription factors, 6,10  

mutations, 331i>
Transforming growth factor-p 

(TGF-P), 7 ,12 ,7 1,8 5  
superfamily, 8 

Translocations, 18í>, 19/
Transposition of the great vessels, 199b, 

200/
Transversalis fascia, 275 
Transverse limb defíciency, 173 ,173/ 
Transverse pericardial sinus, 179 
Treacher Collins syndrome, 289& 
Treacle, 289&
Tricuspid atresia, 194b, 194/
Tricuspid valve, 190 
Trigeminal nerve, 281 
Triiodothyronine, 292 
Trilaminar germ disc, 58-70. See also 

Gastrulation 
Trimethadione, 132 
Triple X syndrome, 22í>
Trisomy, 32 

13,21í» ,21/
18, 20b-21b  
21, 19&-20Í», 20/

Trochlear nerves, 318 
Trophoblast, 43, 56

changes in, 10 9 -110 ,110 /  1 1 1 /  
development, 67-68, 67/ 68/  

Truncus arteriosus, 179,180/ 197/ 
common, 187
persistent (common), 198&, 199/ 
septum formation in, 195-197 

Truncus sweUings, 195 
Tubotympanic recess, 284, 347/
Tumors

gastrulation-associated, 65b-66b  
renal, 255&-256b 
Wilms, 255&

Túnica albuginea, 262,263/
Túnica vaginalis, 275, 275/
Turner syndrome, 21b-22b, 22/ 274b 
22qll.2 deletion syndrome, 291b 
22q ll syndrome, 23b 
Tvíins

abnormalities associated with, 
122b-123b,124/

dizygotic, 120,121/, 125 
fetal membranes in, 120 
fraternal, 120,125 
identical, 120
monozygotic, 120, 122/ 125 
pygopagus, 124/ 
thoracopagus, 124/ 
vanishing, 123fe 

Twin transfusión syndrome, 123b, 123/ 
Tympanic cavity, 93, 346, 351 
Tympanic membrane, 285, 348 
Tyrosine kinase receptors, 253, 340b 

transmembrane, 148í>
Tyrosine kinase signaling, 85

U
Ulnar nerve, 167
Ultimobranchial body, 286, 292, 304 
Ultrasound, 108, 136-137, 136/ 137/ 

138/ 140 
Umbilical arteries, 119&, 205, 214 
Umbilical cord, 52, 68, 103, 114 / 

1 17 - 1 18 ,12 5  
abnormalities, 119b 
herniation, 105 

Umbilical fístula, 245b 
Umbilical herniation, physiological, 

99b, 117
Umbilical ring, primitive, 1 17 ,1 18 /  
Umbilical veins, 183, 208, 209/ 210 

closure of, 215 
Uncinate process, 238 
Undifferentiated zone, 169,174 
Upper jaw, cleft, 298b 
Urachal cyst, 260b, 260/
Urachus, 257-258 

fístula, 260b, 260/ 
sinus, 260b, 260/

Ureter, 253, 259/ 276
duplication of, 256b, 256/

Ureteric bud, 251, 253, 276 
Urethra, 257-260

membranous part of, 258, 276 
prostatic part of, 258, 276 

Urethral folds, 270, 277 
Urethral glands, 260 
Urethral groove, 270 
Urinary bladder, 93, 257, 259/
Urinary system, 250-260 

bladder, 257-260 
coUecting system, 251-253 
excretory system, 253 
kidney

development of, 253-255 
function of, 257 
position of, 257 
systems, 250-251 

urethra, 257-260 
Urogenital mesentery, 272 
Urogenital ridge, 251 
Urogenital sinus, 247, 257, 259/ 264, 

276
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pelvic part of, 258 
phallic part of, 258 

Urogenital system, 93 
genital system, 261-276 
urinary system, 250-260 

Urorectal septum, 247, 257, 276 
Uterine canal, 266 
Uterine tube, 39, 266, 277 
Uteroplacental circulation, 51, 56 
Uterus, 268/, 277 

bicornis, 269í> 
broad ligament of, 266 
defects, 269&, 269/ 
duplications, 269í> 
implantation and, 45-48,46/, 47/ 

Utricle, 343, 346, 351

VACTERL (Vertebral anomalies,
Anal atresia, Cardiac defects, 
Tracheoesophageal fístula, 
Esophageal atresia, Renal 
anomalies, and Limb defects) 
association, 220b 

Vagina, 266, 268/ 
defects, 269&, 269/ 
fornices, 268 
lower portion of, 277 
píate, 268
upper portion of, 277 

Vagus nerve, 220, 319, 338 
laryngeal branch of, 284 

Valproic acid, 132 
Valvular atresia 

aortic, 200í>, 200/ 
pulmonary, 217 

Valvular stenosis, 200b, 200/
Van der Woude syndrome, 298&-300fc 
Vanishing twin, 123&, 123/
Varicella virus, 129 
Vascular accidents, 246fe

Vascular development, 202-211 
arterial system, 202-205 
coronary arteries, 205-208 

Vascular endothelial growth fector 
(VEGF), 83-84, 202 

Vascular ring, 206í>-207&
Vascular system, 93, 205 
Vasculogenesis, 83, 202 
VEGF. See Vascular endothelial growth 

factor
Venous system, 208-211, 209/, 217 

defects, 2 1 1&
Venous valves, 183,184/
Ventral aorta, 202 
Ventral body wall, 96

defects, 86, 97b-99b, 103 
Ventral mesentery, 96,104,227,228/ 236 
Ventral primary rami, 159 ,16 1, 312 
Ventricular inversión, 191í>
Vernix caseosa, 108, 364 
Vertebrae, 152-153, 152/ 

defects, 153&-154ÍJ 
Vertebral anomalies, Anal atresia,

Cardiac defects, Tracheoesophageal 
fístula, Esophageal atresia, Renal 
anomalies, and Limb defects. See 
VACTERL association 

Vertebral column, 15 2 -15 3 ,15 3/  155 
Very low birth weight, 125 
Vestibular membrane, 344 
Viral infections, 129-131 
Visceral efferent group, 3 17-319  
Visceral mesoderm layer, 79, 83, 83/

96, 103
Viscerocranium, 143 ,146-147 ,155
Vitamin A, 13 1
Vitamin D defíciency, 304í>
ViteUine arteries, 205,217 
ViteUine cyst, 245b 
ViteUine duct, 86, 96, 103, 225,239 

abnormalities, 245í>, 245/

VitelUne fístula, 245&
Vitelhne vein, 183, 208-210, 209/ 
Vitreous body, 355-357 
Vocal cords, 220 
Volvulus, 243&

W
Waardenburg syndrome (WS), 363fe 
WAGR syndrome, 255&
Warfarin, 132 
Wharton jeUy, 118  
Wilms tumor, 255b 
W NTl, 329 
WNT3a, 71, 81 
WNT4, 277
WNT pathway, 7-8, 10, 12, 13 
WNT proteins, 80, 82, 92-93, 182, 

215, 304 
Wolffian duct, 251,264, 276 
WS. See Waardenburg syndrome

X chromosome inactivation, 5 ,10 -12  
X-linked heterotaxy, 66fe, 70

Y
Yolk sac

duct, 86, 96,103 
primitive, 51, 57 
secondary, 52, 53/

Yolk stalk, 117 , 225,239

ZIC3, 66b, 70
Zoloft. See Selective serotonin reuptake 

inhibitors 
Zona pellucida, 27, 40, 48 
Zone of polarizing activity (ZPA), 169, 

169/ 174 
Zygomatic bone, 146, 280 
Zygote, 14 ,45b
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